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Electrochemistry at nanostructured interfaces is of significant current interest. Metal 
nanoparticles (NPs) and two-dimensional semiconductor nanomaterial are particularly important 
because of their applications in catalysis, energy conversion and storage, sensors, and medicine. 
Electrocatalytic processes at such nanostructured interfaces are essential for the generation of 
hydrogen and other types of fuels and photochemical energy conversion. Nanoscale 
electrochemical experiments require the fabrication and characterization of nanometer-size 
electrochemical probes. The main advantages of the nanoprobes include very fast mass-transfer 
rate, high signal-to-noise ratio and extremely fine spatial resolution of electrochemical imaging. 
During my Ph.D. research, nanoscale disk-type platinum electrochemical probes were developed 
for obtaining high resolution topographic image, including probing single catalytic nanoparticles 
and mapping out the catalytic activity of a semi-two-dimensional (semi-2D) nanosheet. 
We first developed methodologies to fabricate and characterize disk-type platinum 
nanoelectrodes, including using air plasma to clean and activate nanoelectrode surfaces by 
removing most organic impurities, suitable for high resolution topographic imaging and 
investigating the electrochemical processes at single nanoparticles and two-dimensional 
V  
nanomaterial. By employing the disk-type platinum nanoelectrodes as tips in the scanning 
electrochemical microscope (SECM), we can obtain the high-resolution topographic image in 
feedback mode and the catalytic activities image in the generation/collection mode of individual 
metal nanoparticle and two-dimensional nanomaterial. With a current-distance curve fitted to that 
expected from theory, we can evaluate the particle’s information of a nanoparticle. The direct 
probe of the electrocatalytic current at specified local sites with true nanoscopic resolution for two-
dimensional nanomaterial can be used to analyze the catalytic activity of low-dimensional 
electrocatalysts which is highly dependent on their local atomic structures, particularly those less 
coordinated sites found at edges and corners.  
A new mode of the SECM operation based on electron tunneling between the SECM tip and a 
NP immobilized on the insulating surface provides us a new tool to obtain high-resolution imaging 
of the NP topography. The obtained current vs. distance curves show the transition from the 
conventional feedback response to electron tunneling between the tip and the NP as the separation 
distances decrease to be ≤~3 nm. The tunneling mode of SECM operation also enables 
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      Chapter 1. Fundamentals of Electrochemical Nanoelectrode 
 
 
1.1 Introduction  
Nanoelectrodes, typically referred to electrodes with the dimension below 100 nm, have 
drawn considerable interest in recent years.1 One of the reasons is that with nanoelectrodes one 
can obtain a high rate of mass transport and study kinetics of fast heterogeneous electron transfer 
(ET) reactions.2-5 By employing nanoelectrodes with very low background current and a small RC 
constant, electrochemical experiments can be carried out in a very short time scale, This allows to  
study fast electrochemical processes such as when studying corrosion and nucleation of transient 
nanometer-sized metals. Other advantageous of nanoelectrodes is that they allow for 
electrochemical measurement in a very small space when used as a tip in the scanning 
electrochemical microscope (SECM). The small physical size allows them to be used as scanning 
electrochemical probes for high resolution topographic imaging of surfaces and interfaces,6 
experiments at single nanoparticles,7-10 and as microscopic chemical sensors.11 
Several research groups have been exploring the methodologies to fabricate nanoelectrodes 
of different shapes, such as disk, band, recessed and pore.12-18 The flat disk metal electrodes are 
easier to fabricate with reliable and reproducible size and geometry, which will make it more 
suitable to be employed as SECM tips. Glass-sealed Au and Pt nanoelectrodes are common 
nanoelectrodes in electrochemical experiments. The fabrication process starts with pulling 
micrometer-sized Pt or Au wires into glass capillaries. An annealed metal wire is first inserted into 
a capillary, which is fixed in the V groove of the laser pipet puller. Then, a specially designed 
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pulling program is applied to obtain the desired size and shape. Next, the pulled capillary with a 
sealed Pt or Au wire is polished using a micropipette beveller under video microscopic control.3,4 
The reliability of acquired data depends on the size and geometry of the nanoelectrode. Therefore, 
characterizations of nanoelectrode is vital in electrochemical experiments as electrode- chemical 
response is sensitive to the geometry. Electron microscopy (EM), scanning electrochemical 
microscopy (SECM) and atomic force microscopy (AFM) were demonstrated to be useful 
techniques for visualization and characterization of nanoelectrodes.3,10 More nanoelectrode 
fabrication and characterization details are included in chapter 1 and 2. 
As described above, high-resolution image in chemical and biological applications with 
SECM can be obtained because of the nanoelectrodes’ small physical size. A three-dimensional 
SECM image obtained by scanning the tip in the x-y plane and monitoring the tip current as a 
function of tip location. By analyzing the SECM image, the physical and electrochemical 
information about nanostructured interfaces can be obtained. Among these nanostructured 
materials, metal and semiconductor nanoparticles (NPs) are particularly important because of their 
applications in catalysis, energy conversion and storage, sensors, and medicine.19-22 
Electrocatalytic processes at such particles are essential for the generation of hydrogen and other 
types of fuels and photochemical energy conversion. A more detailed discussion about high-
resolution image and electrocatalytic processes of NPs will be described in chapter 3, chapter 4 and 
chapter 5  
1.2 Principles of Scanning Electrochemical Microscopy 
Scanning electrochemical microscopy (SECM) is an important electrochemical 
characterization technique. SECM involves the measurement of the current through an 
ultramicroelectrode (UME) (an electrode with a radius, a of the order if a few nm to 25 μm) when 
it is held or moved in a solution near the substrate. Substrate, which can be solid surfaces of 
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different type (e.g. glass, metal, polymer, biological material) or liquids (e.g. mercury immiscible 
oil), perturb the electrochemical response of the tip and this perturbation provides information 
about the nature and properties of the substrate.23 A simplified setup for an electrochemical 
experiment with UMEs is shown in Figure 1.2.1. There are two systems in SECM, the positioning 
system and data acquisition system. The positioning system includes stepper motors/piezo 
actuators, three-dimensional translation stages and motor controllers. The data acquisition system 
starts with bipotentiostat, which controls the tip (working 1) and substrate (working 2) potentials, 
measures and amplifies the current signals. The signals are acquired with a converter and stored 
in the computers. Using the computer software to control the positioning and data acquisition 
systems, also to display and analyze the data. Other important accessories are the electrochemical 
cell, a vibration isolation table and a Faraday cage (which is used to isolate environmental 
electromagnetic noise).  
Redox species, O (oxidized species) or R (reduced species) at a certain concentration and 
usually with supporting electrolyte to decrease the solution resistance and insure the mass transport 
of the redox species dominated by diffusion in the bulk solution. The electrochemical cell also 
contains an auxiliary electrode that completes the electric circuit. As the power supply voltage is 
changed, the electrochemical reaction (e.g. reduction reaction, O + ne- → R) occurs at the tip 
electrode, resulting in a current flow. For a conductive disk of radius, a, the steady-state diffusion 
limiting current of the tip, iT,, when the tip is far from the surface is given by 
                                       iT, = 4nFDc
*a (1.1) 
where D is the diffusion coefficient of the species O, F is the Faraday, n is the number of electrons 
transferred in the reaction, c* is the bulk concentration of O. 
The potential of the tip UME is monitored against a stable reference electrode, such as a 
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silver/silver chloride electrode. The tip voltammogram (a plot of the current flowing as a function 
of the potential of the UME) is employed to analyze the UME and bulk solution. This will be 
discussion in chapter 1.3.2. 
 
 
Figure 1.2.1 Schematics of an SECM setup. (Adapted from Ref.23). 
Basically, there are two working mode for SECM, feedback mode and collection-
generation modes (that include substrate generation-tip collection mode(SG/TC) and tip 
generation-substrate collection mode (TG/SC)). 
1.2.1 Feedback Mode 
The general principles of feedback mode are shown in Figure 1.2.2. As shown in Equation 
1.1, the current, iT,  is measured at the tip when it is far from the surface, normally, tip-substrate 
distance is >10 times of tip radii. At this condition, the current is driven by the hemispherical flux 
of species O from the bulk solution to the tip as shown in Figure 1.2.2A. When the tip is brought 
close to an electrically insulating substrate surface (e.g. glass or plastic), the substrate blocks the 
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diffusion of O to the tip and the current will decrease compared to iT,. The closer the tip gets to the 
substrate, the smaller the tip current (iT) becomes as shown in Figure 1.2.2B. When the distance 
between tip and substrate, d, becomes zero, the current will approach zero. This current decrease 
with distance is called negative feedback. When the tip is brought close to an electrically 
conductive surface, such as gold plate, even though the substrate still blocks the diffusion of O to 
the tip, the current will increase because the O can be regenerated at the electrically conductive 
substrate surface and diffuses back to the tip and causes an increase in the flux of O. At this 
condition, the current, iT, will be larger than iT, as shown in Figure 1.2.2C. This current increase 
with the distance decreases is called positive feedback. A plot of iT vs. d is called an approach 
curve. 
 
Figure 1.2.2 Basic principles of SECM: (A) tip is far from the substrate, hemispherical diffusion leads to 
steady-state response; (B) tip nears a conductive substrate, the tip current increases when d decreases; (C) 
tip nears an insulating substrate, the tip current decreases when d decreases. (Adapted from Ref.23). 
A quantitative description of the approach curve can be obtained by establishing a 
mathematic model for a disk electrode approaching a planar substrate and solving diffusion 
equations. Figure 1.2.3 shows typical approach curves for a conductive substrate where the rate of 
regeneration of O from R is infinite, positive feedback (Figure 1.2.3A) and an insulating substrate 
where the rate of regeneration of O from R is zero, negative feedback (Figure 1.2.3B). For the 
theoretical curve are independent of the concentration or diffusion coefficient of the redox 
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mediator, these curves are given in the dimensionless form IT=iT/iT,∞ vs. L=d/a. The approach 
curve can be used to characterize the UME by fitting experimental data to theory, and obtain a, 
RG and more parameters about the UME. More detailed discussion will be shown in section 1.3.2. 
 
 
Figure 1.2.3 Diffusion-controlled steady-state tip current as a function of tip-substrate distance (A) positive 
feedback; (B) negative feedback. (Adapted from Ref.23). 
 
1.2.2 Collection-Generation Mode 
As described earlier, there are two modes of this type. In the SG/TC, the substrate holds a 
potential where an electrode reaction occurs and the tip hold a different potential where the product 
of the electrode reaction will react and thus be “collect”. The alternative mode is TG/SC mode. In 
this case, the electrode reaction will occur at the tip and the product will be collected at the substrate.  
The collection-generation mode is particularly useful in scanning arrays for screening 
electrocatalysts. For example, in studying the hydrogen evolution reaction at a single 
electrocatalytically nanometer-size particle (NP), the NPs can generate the hydrogen at the 
substrate with constant potential and measure how large the tip current for hydrogen evolution (e.g. 
how much of the hydrogen is collected) as a data to analyze the NPs catalysts for hydrogen 
evolution reaction. A more detailed discussion will be covered in chapter 3.  
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1.3 Fabrication and Characterizations of nanoelectrode 
1.3.1 Fabrication of nanoelectrode.  
The fabrication of a nanotip starts with pulling a micrometer-sized metal wire into a glass 
capillary. Briefly, an annealed 25 or 50-µm Pt/Au wire was inserted into a borosilicate capillary 
(1.0-mm o.d., 0.2-mm i.d.), which was fixed in the V groove of the Sutter P-2000/G laser pipet 
puller. A vacuum pump was used to evacuate the air inside the capillary and seal the metal wire in 
melted glass while heat was applied. The designed programs were used to produce Pt/Au 
nanoelectrodes with a desired size and shape. A pulled capillary with a sealed Pt/Au wire was 
polished using a BV-10 micropipet beveller under video microscopic control (Figure 1.3.1). The 
micromanipulator was used to move the capillary vertically towards the rotating disk to which a 
50nm lapping tape was attached.  
 
Figure1.3.1 Long-distance video microscopic polish system 
 
During polishing, the pipet axis was made exactly perpendicular to the rotating disk using 
8 
 
a plumb bob and a two-axis bubble level. Additional fine polishing was done with 50- nm alumina 
particles placed on the same rotating disk. The polished electrodes were rinsed with water. The 
schematics of a disk-typed nanoelectrode is shown in Fig 1.3.2 
 
Figure 1.3.2 Schematics of a disk nanoelectrode.  
 
The exposed metal is the electroactive part of the electrode. After polishing, electrodes 
were rinsed with deionized water or cleaned by air plasma to remove trace amount of organic 
impurities which will be more detailed discussion in chapter 2. From figure 1.3.2, there are several 
important parameters for the electrode geometry: a, the radius of the metal core; rg, the radius of 
the insulator part; RG = rg/a the ratio of the insulator radius to that of the metal core. And the 
nanoelectrodes of different kinds and with different radius can offer specific advantages and 
suitable for different applications.  
1.3.2 Characterizations of nanoelectrode 
For quantitative experiments, the shape and size of nanoelectrodes are essential. Minor 
shape irregularities may cause significant uncertainties in the electrochemical experiment. It is 
especially crucial to disk-polished nanoelectrode because slight change of polish condition could 
lead to significant different geometries. There are serval methods can be employed to direct 
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evaluate the nanoelectrode geometries, including scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). The methodology of using electrochemical methods, 
such as steady-state voltammetry, the size of nanoelectrode can be quick estimated. Also, 
employed nanoelectrode as a tip in SECM approach cure to fit the theory, the parameters 
information of this nanoelectrode can be obtained. Recently, by using AFM to obtain topographic 
image has be developed24 which can provide the information of the nanoelectrode geometries.  
1.3.2.1 Characterization by Electrochemical Methods 
We can evaluate the nanoelectrode size by electrochemical methods through the limiting 
current (Eq.1.2) in a sigmoid-shaped steady-state cyclic voltammogram. Also, we can evaluate the 
concentration of redox species if the nanoelectrode size is known. In steady-state cyclic 
voltammogram, the forward and backward signals can be generally retraceable and the charging 
current is negligibly small if the sweep rate is low, i.e. less than 50mV/s (Figure 1.3.3). Large scan 
rate will case the capacitive charging current increase but it won’t affect the limiting current. The 
shape of the voltammogram mainly depends on the kinetics of heterogeneous electron transfer at 
the electrode surface with sufficiently high mass-transport rate. A steady-state voltammogram 
shown in Figure 1.3.3 exhibits ~26 pA diffusion limiting current which obtained with a ~85-nm-
radius disk nanoelectrode. With very low scant rate (20mV/s), the capacitive charging current is 






Figure 1.3.3 steady-state cyclic voltammograms of 1 mM Fc in 0.1 M KCl solution obtained from at the 
85 nm-radius polished Pt tip. 
 
The electrode radius evaluated from the steady-state diffusion limiting current is often 
problematic because of unavoidable imperfections of its geometry. Some methods have been 
employed to amend it. One of these methods is using a nanoelectrode as an SECM tip and obtain 
an approach curve (iT vs d) while this nanoelectrode is approaching to an insulating or conductive 
substrate in a solution containing an electroactive species. And more information about the 
nanoelectrode can be addressed by this method compare with steady-state cyclic voltammograms. 
With the information obtained from the approach curve, the effective radius and the geometry 
information about the nanoelectrode surface can be evaluated by fitting the experimental approach 
curve to the theory. 25 Conversely, the major difference in the shape of the approach curve can be 
used to analyze the substrate information with a nanoelectrode of known size.  
In SECM, a redox species is either reduced or oxidized at the tip electrode. The product of 
this reaction diffuses to the substrate, where it may be re-oxidized or re-reduced. This process 
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produces an enhancement in the faradic current at the tip electrode depending on the tip shape and 
the normalized separation distance, L =d/a. An SECM current versus distance curve (Fig. 1.3.4) 
is obtained by measuring the diffusion current to the tip while moving it slowly toward the 
substrate surface. From a high-quality current-distance curve, one can determine a, the RG value 
(i.e., the ratio of the insulating sheath radius to a), and check whether the electrode surface is flat 
and not recessed into the insulator. If the tip is convex or recessed, the feedback response is 
significantly lower than that for a planar tip whose entire flat surface can be brought close to the 
substrate. The SECM is most useful for characterizing planar electrodes because a high feedback 
can only be obtained with a flat tip that can be brought close enough to the substrate. 
 





with 50nm radius nanoelectrode (A) and a glass slide with 60nm radius nanoelectrode (B), where IT is the 
normalized current, L is the normalized distance from the tip to the substrate. 
 
In Figure 1.3.4A, an SECM approach curve is fitted to the theory with positive feedback. 
From the diffusion limiting current, the radius of this nanoelectrode is 50nm which is consistent 
with the fitting theory size. As mentioned above, the high feedback current only can be obtained 
from essentially flat tip surface, in Figure 1.3.4A, the positive feedback current is about 8, which 
means the radius value and the disk-shaped geometry are reliable. With convex or recessed 
nanoelectrodes, the feedback is significantly lower because the tip surface cannot be move close 
enough to the substrate. More information about this nanoelectrode can be obtained by fitting the 
theory line, the overall size of the tip including the thickness of the glass insulator and the RG 
value can be evaluated. In Figure 1.3.4A, the experiments data fits well with the theory line with 
83nm size and RG is 10. The overall radius of this electrode is about 850nm. In Figure 1.3.4B, the 
parameters of the nanoelectrode can be obtained from the theory data which the radius is 61 nm 
and RG is 11.  
An electrode with the conductive metal surface recessed into the insulator is a major 
headache for an electrochemist doing kinetics experiments. By fitting the approach curves, an 
estimation of the height of the protrusion of a depth of a recessed electrode can be evaluated. 25,26 
1.3.2.2 Characterization by Atomic Force Microscopy. 
Electrode with Nanometer size has been used to investigate important chemical and 
biological system, the visualization of their surfaces remains challenging. With electrochemical 
methods, it is difficult to distinguish between flat and recessed nanoelectrode. Using nanoelectrode 
as a tip in SECM approach curve system to evaluate the size and geometry information of the 
nanoelectrode only high feedback (e.g., the tip current increasing by the factor of ∼10 near the 
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conductive surface) can provides strong evidence of an essentially flat electrode surface. Lower 
feedback possibly originated by surface contamination, or poor tip/ substrate alignment often 
prevents one from accurately determining the geometric parameters.2,10 Additionally, it is not easy 
to use either STM or TEM to directly monitor in-suit processes on the electrode surface.  
 
Figure 1.3.5 Experimental setup used for AFM imaging of nanoelectrodes in air (Adapted from Ref.24) 
 
An atomic force microscope (AFM) can measure the roughness of a sample surface at a 
high resolution. The detailed and unambiguous information about the electrode geometry can be 
provided by AFM image, compared with the information of nanoelectrode obtained by 
voltammetry and SEM. Additionally, the nanoelectrode surface can be engaged by AFM probe 
which provide observability in-site image of nanoelectrode surface. This makes AFM become a 




Figure 1.3.6 Non-contact topographic images of a 240-nm Pt nanoelectrode (A) and a 60-nm considerably 
recessed Pt nanoelectrode (B). (Adapted from Ref.24) 
 
Figure 1.3.6 show the nanocontact topography images of nanoelectrode in air. It is 
convenient to obtain the surface information about the nanoelectrode. The electrode shown in Fig. 
1.3.610A has a 240-250 nm effective radius and seems ∼10 nm recessed into the glass sheath. 
Another image was obtained with 60-nm electrode in Figure 1.3.6B with ∼40 nm recessed into the 
glass sheath, the recessed depth could be greater because there is a possibility that the AFM probe 
did not reach the bottom of the cavity. Additionally, the liquid-mode AFM image allows on 
monitor surface reactions at nanoelectrodes. 
In summary, AFM imaging of a nanoelectrode in air and in solution can provide detailed 
information about its geometry and surface reactivity that would be hard to obtain by any other 
technique.24 The information about nanoelectrode geometry obtained by AFM is essential for 
reliable electrochemical experimental data. The in-situ AFM technique can monitor of surface 
reaction on nanoelectrodes, including nucleation/growth of metal nanoclusters, it will provide 
advantage to visualize the changes of the electrode surface resulting from chemical reaction. 





1.4.1 SECM characterization of and kinetic experiments at single metal NPs.  
Nanoparticles (NPs) find a wide range of applications in electrocatalysis and sensing 25-29 
due to their large surface-to-volume ratio, high density of active sites, and remarkable 
physicochemical properties. The activity of NPs depends strongly of their size, shape, and surface 
morphology. Most published electrochemical studies involved a large number of NPs and particle 
ensembles. The data obtained in such experiments is averaged over a large population of particles; 
it may be affected by polydispersity, different NP orientation, and other phenomena that make it 
difficult to interpret. Electrochemical experiments at the level of a single NP can help clarify the 
structure-activity relationships.30,31  
Recent progress in nano-electrochemistry produced nanometer-sized probes suitable for 
electrochemical experiments at single NPs.19,27,32 Three different experimental approaches are 
illustrated in Figure 1.4.1.  A single NP can be immobilized at the surface of a nanometer-sized 
electrode (Fig. 1.4.1A) to investigate electron-transfer and electrocatalytic reactions at its surface 
by voltammetry. In this way, single Au8,34 or Pt35 NPs were attached to Pt,35 carbon,33 or passivated 
Pt/TiO2 nanoelectrodes, and their activities towards oxygen reduction reaction (ORR) and 
hydrogen evolution reaction (HER) were investigated.  These experiments are plagued by several 
technical issues, including difficulties in characterizing the geometry of the nanoelectrode/NP 
system,33 modeling charge propagation across the passivating film,8,35 and separating the NP 
response from the background current produced by the underlying electrode surface.36  Moreover, 
the NP can be quickly deactivated by the intermediates/products of the electrocatalytic process, 
adsorption of impurities, or by electroetching,37 thus, diminishing the payoff from the laborious 




Figure 1.4.1. Electrochemical experiments with single NPs. (A) TEM image of a ~15 nm AuNP 
electrostatically attached to the surface of the Pt nanoelectrode.  Reproduced with permission from ref. 33. 
Copyright 2010 American Chemical Society. (B) Schematic representation of conductive AFM imaging of 
immobilized Fc-PEGylated nanoparticles and tip current-based image of two NPs.  Adapted with 
permission from ref. 38. Copyright 2013 American Chemical Society.  (C) Current transient showing ~60 
pA steps produced by collisions of ∼3.6 nm Pt particles with the 10 μm Au disk electrode in solution 
containing ∼36 pM NPs and 15 mM hydrazine in 50 mM PBS buffer.  Adapted with permission from ref. 
36. Copyright 2008 American Chemical Society. 
 
Another approach to single NP electrochemistry makes use of different scanning probe 
microscopes (SPM) equipped with the electrically conductive tips or nanopipettes.  In the earliest 
of such studies, an STM tip was used to form a Pd NP by electrodeposition, deposit it onto an Au 
substrate, and then detect H2 produced by HER at its surface.
39  In another electrochemical SPM 
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experiment, a conductive atomic force microscopy (AFM) tip measured the size and statistical 
distribution in grafting density of PEG on the NPs modified with a redox-labelled 
ferrocene/polyethylene glycol capping agent (Fig. 1.4.1B).38 The obtained sigmoidal tip 
voltamograms suggested that the tip selectively detected the Fc-PEG chains immobilized onto 
individual nanoparticles. One of the difficulties in these experiments is that a conical STM or AFM 
tip is not an ideal probe for quantitative electrochemical measurements.  
Using a nanopipette as a scanning probe, one can deliver single NPs40 and monitor their 
landing on the substrate surface.41 Two SPM techniques employing nanopipette tips—scanning 
ion conductance microscopy (SICM)42 and scanning electrochemical cell microscopy 
(SECCM)43—have been used to address single NPs immobilized on the substrate surface. SECCM 
was used for visualizing electrocatalysis at single Pt NPs within an ensemble and revealing that 
subtle variations in the morphology of NPs lead to dramatic changes in reactivities.44 SICM in 
combination with scanning electrochemical microscopy (SECM) was employed to simultaneously 
obtain accurate topographical images and maps of localized oxygen consumption45 and hydrogen 
peroxide generation46 at individual Pt/Au NPs during ORR. The lateral resolution (ca. 100 nm) in 
SICM and SECCM experiments with nanoparticles reported to date, was not sufficiently high to 
image individual small NPs. The possibility of attaining higher spatial resolution in the SECM 
experiments with nm-sized polished tips7 is discussed below in more detail.   
Fig. 1.4.1C illustrates another way of probing electrochemical processes at single NPs − 
by monitoring their collisions with the electrode surface.47 A catalytic NP colliding with the 
catalytically inert collector surface can act as an active nanoelectrode that switches on an 
electrochemical reaction during this transient event.32,48  The measured current is produced by the 
diffusion of dissolved electroactive species to the NP and electrocatalytic reaction at its surface 
(e.g., hydrazine oxidation in Fig. 1.4.1C).  The resulting catalytic amplification makes the collision 
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event detectable. A number of recent studies of NP collisions have focused on the evaluation of 
NP size and geometry47,49 and catalytic activity,50,51 measuring ultralow concentrations,52,53 
particle transport and tunneling issues.54-56  Nevertheless, the understanding of some fundamental 
aspects of NP collisions such as the shape of a single impact transient57 and its relationship with 
the NP catalytic activity is lacking.  In most published studies, after colliding with the electrode 
surface, an NP became attached to it (i.e., the collision were not elastic but sticking), producing a 
step in the current transient (Fig. 1.4.1C).  Separating the contributions of numerous particles to 
the measured current is challenging especially because the current at each individual NP typically 
decreases with time (deactivation effect).  In some experiments, this "staircase" response was 
avoided (e.g., by using a Hg/Pt electrode to poison the Pt NP, thus quickly deactivating the catalytic 
reaction53) to obtain current spikes instead of steps.58 Despite these advances, the quantitative 
analysis of transients produced by a number of polydisperse NPs is not straightforward and offers 
no possibility of monitoring the time dependence of the NP activity. A more detailed discussion 
will be covered in chapter 4.  
1.4.2 SECM of semi-two-dimensional catalysts.  
Synthesis and fabrication of material structures rich in catalytic active sites is essential for 
developing more efficient and less expensive electrocatalysts. The catalytic activity of low-
dimensional electrocatalysts is highly dependent on their local atomic structures, particularly those 
less coordinated sites found at edges and corners59,60,61; therefore, a direct probe of the 
electrocatalytic current at specified local sites with true nanoscopic resolution has become 
critically important. However, much of the progress in this field is limited by the difficulty in 
pinpointing the active sites particularly when they are atomic scales in size62,63,64. Despite the 
growing availability of in-operando imaging tools, to date it has not been possible to measure the 
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electrocatalytic activities from individual material edges and directly correlate those with the local 
structural defects with one-to-one correspondence.  
With feedback and generation/collection modes of operation of the scanning 
electrochemical microscope (SECM), we can independently image the topography and local 
electrocatalytic activity with an unprecedented ~10 nm spatial resolution. Using extremely small 
nanoelectrode (radius≤ 20nm) and employing this operando microscopy technique, we can directly 
map out the oxygen evolution activity of a semi-two-dimensional (semi-2D) material, e.g. nickel 
oxide nanosheet. The improved resolution and sensitivity can enable us to distinguish the higher 
activities of the materials edges from that of the fully coordinated surfaces in operando. The 
combination of spatially resolved electrochemical information with state-of-the-art electron 
tomography, that unravels the three-dimensional complexity of the edges, and ab initio 
calculations allows us to reveal the intricate coordination dependent activity along individual edges 
of the semi-2D material that is not achievable by other methods. Also, mathematical modelling 
and finite-element simulations of charge- and mass-transfer processes at semi-two-dimensional 
catalysts can be carried 
The combination of nano-electrochemical experimental studies and modeling is aimed at 
attaining quantitative understanding of charge- and mass-transfer processes at semi-two-
dimensional catalysts. The SECM equipped with a nanometer-sized tip will be used as a tool for 
charge-transfer and electrocatalysis studies at the level of semi-two-dimensional catalysts. And 
this experimental and theoretical approaches can be extended to develop SECM-based 
methodology for studying catalytic and photocatalytic processes at semi-two-dimensional 
catalysts, single semiconductor NP and nanocrystals, which are most relevant to the mission of the 
Solar Photochemistry Program. A more detailed discussion will be covered in chapter 5.  
1.4.3 Electrochemical tunneling experiments at single NPs 
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Electrochemical experiments at individual nanoparticles (NP) can provide new insights 
into their structure-activity relationships.25,28,65-68 By using small nanoelectrodes as tips in the 
scanning electrochemical microscope (SECM), we recently imaged individual surface-bound 10-
50 nm metal NPs.  
 
Figure 1.4.2 Schematic representation of the feedback mode of the SECM (A) and electron tunneling 
between the tip electrode and Au NP (B).  
 
The new mode of the SECM operation based on electron tunneling between the tip and a 
nanoparticle immobilized on the insulating surface (Figure 1.4.2B). The obtained current vs. 
distance curves show the transition from the conventional feedback response to electron tunneling 
between the tip and the NP at separation distances ≤~3 nm. When the tip is relatively far from the 
NP (e.g., > ~3-4 nm), the open-circuit NP potential (EP) is determined by the concentrations of the 
reduced form (e.g., ferrocenemethanol, Fc; initially present in solution) and oxidized (Fc+; 
electrogenerated at the tip) forms of the re-versible redox mediator, according to the Nernst equa-
tion.  The EP value is sufficiently negative to regenerate Fc species, producing positive SECM 
feedback69,70 (Fig. 1.4.2A). When the tip is brought within the distance of few nm71,72 (≤~3 nm.) from the 
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NP (Fig. 1.4.2B), the Ep shifts from its open-circuit value toward the tip potential (ET).  At such short 
distances, the NP is expected to act as a part of the tip electrode, e.g., by oxidizing Fc in Fig. 1.4.2B. 
 In addition to feedback mode of SECM imaging of the NP topography, the tunneling mode 
enables measurement of the heterogeneous kinetics at a single NP without attaching it to the 
electrode surface and provides the possibility of ultra-high resolution SECM imaging in the 
tunneling mode. Additional, this technique can be useful for probing two dimensional catalytic 
nanoflakes and other conductive nanostructures. The developed methodology should be useful for 
studying the effects of nanoparticle size and geometry on electro-catalytic activity in real-world 
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Chapter 2. Cleaning Nanoelectrodes with Air Plasma 
 
(This chapter had been published as T. Sun, P.-Y. Blanchard, and M. V. Mirkin “Cleaning Nanoelectrodes with Air 
Plasma”, Anal. Chem. 2015, 87, 4092-4095.Reproduced by permission of the American Chemical Society) 
2.1 Introduction 
The development and applications of nanometer-sized electrodes have been subject of 
numerous research publications during the last two decades.1 Nanoelectrodes offer important 
advantages and enable investigations of various phenomena and processes that cannot be studied 
at macroscopic electrodes.2 These include electrochemistry of single molecules and nanoparticles,3 
formation and growth of individual metal nuclei4 and nanobubbles,5 rapid heterogeneous electron 
transfer kinetics,6 and electrochemistry inside living cells.7 The availability of nanoelectrode tips 
greatly improved spatial resolution of the scanning electrochemical microscopy (SECM).8 At the 
same time, handling nanoelectrodes can be surprisingly difficult. For example, the Amemiya group 
recently showed that major damage to a glass-sealed metal nanoelectrode can be caused just by 
touching it without proper protection against the electrostatic discharge.9Another tricky issue is 
cleaning the nanoelectrode surface, which often gets contaminated by impurities present either in 
solution or in the laboratory air. The conductive surface of a nanoelectrode is easily covered 
because of its tiny area and very fast mass transport at the nanoscale, and the presence of organic 
impurities can affect the rates and mechanisms of electrocatalytic reactions.10 While cleaning a 
micrometer-sized or larger electrode by mechanical polishing is relatively straightforward, for a 
nanoelectrode this procedure is likely to change the effective radius (a) and shape of the conductive 
surface as well as RG (RG = rg/a, where rg is the radius of the insulating glass sheath) and can 
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make it unsuitable for further experiments.  An alternative approach—to clean the electrode by 
immersion it in a piranha solution or organic solvent—is not always effective.  The loss of a 
contaminated nanoelectrode is a problem not only because its preparation is labor-intense, but also 
because fabricating two very similar nanoelectrodes is nearly impossible. Thus, cleaning the 
electrode surface is essential for reproducibility of nanoelectrochemical experiments. 
The gas plasma has been widely used to clean and activate surfaces by removing most 
organic impurities.11In this letter we show the possibility of cleaning nanoelectrodes with gas 
plasma and discuss its effects on the electrode response and geometry.  The initial surface 
contamination and the effectiveness of cleaning are evaluated by using recently developed 
methodology for AFM imaging of nanoelectrodes.12   
A closely related issue is the need to remove an organic film from the nanoelectrode 
surface. Different kinds of films ranging from molecular monolayers to electronically and ionically 
conductive polymers to proteins have been formed on electrode surfaces and employed in 
electrochemical experiments. To reproduce such an experiment, one has to remove the film and 
restore the electrode surface.  Some surface films are easy to remove, e.g., a small amount of Ag 
electrodeposited on the Pt nanoelectrode could be dissolved anodically without significantly 
affecting the underlying Pt surface.4When the film is hard to dissolve, mechanical polishing and 
fabricating a new nanoelectrode are the only currently available options if one needs to repeat an 
experiment.  The plasma cleaning can provide a non-destructive means for removing such a film. 
2.2 Experimental Section 
Chemicals. Ferrocenemethanol (FcMeOH, 97%, Sigma-Aldrich) was sublimed before use.  
KCl (Sigma-Aldrich), acetonitrile (ACROS), nitrobenzenediazonium tetrafluoroborate and 
tetrabutylammonium tetrafluoroborate (Bu4NBF4; Alfa Aesar) were used as received.  Aqueous 
solutions were prepared using deionized water with total organic carbon (TOC) ≤ 5 ppb from the 
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Milli-Q Advantage A10 system equipped with Q-Gard T2 Pak and a Quantum TEX cartridge.   
Preparation of nanoelectrodes.  Pt nanoelectrodes were fabricated as described 
previously.13aBriefly, disk-type electrodes were prepared by pulling 25 µm-diameter annealed Pt 
wires into borosilicate capillaries (Drummond; OD, 1.0 mm; ID, 0.2 mm) with the help of a  
P-2000 laser puller (Sutter Instrument Co.).  The pulled nanoelectrodes were polished on a 0.05 
µm alumina disk (Precision Surfaces International) under video microscopic control.  The 
electrode radius was evaluated from AFM images and steady-state voltammograms of 
ferrocenemethanol.  The radius varied from 100 nm to 300 nm and the RG value was between 6 
and 15. 
A two-electrode cell was employed for electrochemical measurements.  The nanoelectrode 
was used as a working electrode and an Ag/AgCl wire served as a reference.  Voltammograms 
were obtained using a BAS 100B electrochemical workstation (Bioanalytical Systems West 
Lafayette, IN).  All experiments were carried out at room temperature (22−25 °C) inside a Faraday 
cage. 
Polymer films were formed on nanoelectrodes in acetonitrile solution containing 5 mM 
nitrobenzene diazonium tetrafluoroborate and 0.1 M Bu4NBF4.  The potential was swept from  
-0.2 V to -1.3 V vs. Ag/AgCl with a scan rate of 100 mV/s.   
Plasma cleaning.  A PDC-32G plasma cleaner (Harrick plasma) was employed for 
cleaning nanoelectrodes.  First, an electrode was placed inside the chamber of the plasma cleaner 
and the pump was turned on to create vacuum of ~200 mTorr.  Then, the metering valve was 
slightly opened to draw air into the chamber and increase the pressure to 800-1000 mTorr.  The 
gas plasma was generated for 15 min to clean nanoelectrodes and for 30 min to remove an organic 
film from the electrode surface.  After cleaning, a nanoelectrode was removed from the chamber 
and thoroughly rinsed with deionized water. 
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SECM setup.  SECM experiments were carried out using a home-built instrument, which 
was described previously.8a The 100-nm-thick evaporated Au film on glass prepared with the 
aminosilane coupler and annealed was used as the substrate in positive feedback experiments.  To 
obtain an SECM approach curve, the electrode used as a tip was first positioned a few hundred 
micrometers above the substrate surface.  To avoid crashing, this process was monitored with a 
long-distance video microscope. Then, the tip was moved closer to the substrate in the automated 
“surface hunter” mode until the tip current produced by oxidation of FcMeOH increased by ∼10%.  
The tip current was collected during the subsequent fine approach. 
AFM imaging.  An XE-120 scanning probe microscope (Park system) and PPP-NCHR 
probes (Nanosensors) were employed for non-contact imaging of nanoelectrodes in air.  The 
procedures for nanoelectrode imaging were described previously.12Briefly, a nanoelectrode was 
mounted vertically with its polished surface facing the AFM probe using a homemade sampler 
holder, and the cantilever was positioned above it with the help of an optical microscope.  In a 
non-contact mode, the tip was brought within a close proximity of the sample using the approach 
function and then the nanoelectrode was moved laterally in 200 nm steps to bring the AFM probe 
to its apex. The travel direction was selected to effect z-axis retraction of the piezo actuator in a 
close-loop mode. This corresponded to sliding of the slanted tip surface along the edge of the glass 
of the insulating sheath of the nanoelectrode. When the piezo approached its upper limit, the z-
stage motor was retracted by 2 µm to maintain the piezo actuator within its range (12 µm). 
2.3 Results and Discussion 
An AFM image of a Pt nanoelectrode after polishing on alumina lapping tape is shown in 
Figure 2.1A.  The metal surface is not visible because of a thick layer of impurities.  The film was 
sufficiently permeable to FcMeOH to produce a moderately distorted steady-state voltammogram 
30 
 
with only slightly diminished diffusion limiting current (Fig. 2.1B).  As discussed previously,14 
the fast, outer-sphere oxidation of FcMeOH is only slightly affected by surface contamination, 
while major changes could be expected in voltammograms of an inner-sphere reaction.   
Figure 2.1.  Non-contact topography images of a polished Pt nanoelectrode before (A), after first (C) and 
second plasma cleaning (E) and corresponding steady-state voltammograms (B, D and F).  The red lines in 
A, C and E correspond to the shown cross-sections.  Each cleaning time was 15 min.  Solution contained 1 
mM FcMeOH and 0.1 M KCl.  The potential sweep rate was v = 100 mV/s.  
 
In an AFM image of the same nanoelectrode obtained after a 15 min treatment in the plasma 
cleaner (Fig. 2.1C), the Pt surface is clearly visible and the film is gone.  The clean surface of glass 
exhibits sub-nm scale roughness, and the Pt surface is very slightly recessed into the insulator.  
The recess depth (<7 nm) is negligible in comparison to the electrode radius, a ≈ 170 nm; it should 
not produce any appreciable effect on the current.13b The electrochemical response of this electrode 
significantly improved after cleaning. A sigmoidal and essentially retraceable steady-state 
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voltammogram of FcMeOH (Fig 2.1E) has a much better defined plateau. From the diffusion 
limiting current, iT, = 51 pA, the effective radius value, a = 170 nm was extracted using Eq. (2.1)  
                      iT, = 4FDca      (2.1) 
where F is the Faraday constant, D = 7.8 x 10-6 cm2/s,13a and c = 10-6 mol/cm3 are the diffusion 
coefficient and the bulk concentration of FcMeOH, respectively.  The value is in agreement with 
that obtained from the AFM image. 
A fully retraceable steady-state voltammogram of FcMeOH with a completely flat 
diffusional plateau (Fig. 2.1F) was obtained after another 15 min of plasma cleaning.  The 
corresponding AFM image (Fig. 2.1E) shows essentially unchanged size and recess depth of Pt 
and the same low roughness of surrounding glass.  These observations along with the unchanged 
iT, value suggest that neither metal surface nor glass insulator are damaged by the plasma 
treatment.   
After the second round of plasma cleaning, the same nanoelectrode was used as the tip in 
the scanning electrochemical microscope (SECM).  The experimental current vs. distance curve 
obtained with this tip approaching a conductive Au substrate (red line in Figure 2.2) fits the theory 
for pure positive feedback (blue curve) very well up to the deviation point at which the surrounding 
glass touched the substrate surface.  The attained maximum feedback current of 22.7iT,  is not 
very high because of the relatively large RG = 7.5 and imperfect tip/substrate alignment.  However, 
the a = 170 nm obtained from the fit agrees very well with the radius value found from the diffusion 
limiting current and AFM images in Fig. 2.1, indicating that the geometry and electrochemical 
response of the plasma-cleaned tip are suitable for SECM experiments.  The advantage of cleaning 
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tips by plasma is significant because polishing typically increases the RG value and, thus, makes 
the tip less useful as an SECM probe.  
Figure 2.2.  Experimental (red) and theoretical (blue)15 SECM approach curves obtained with a 
nanoelectrode tip after two rounds of plasma cleaning.  The current and distance are normalized by iT, = 
51 pA and a = 170 nm, respectively.  Solution contained 1 mM FcMeOH and 0.1 M KCl.  
 
The possibility of removing organic film from a nanoelectrode by plasma cleaning is shown 
in Figure2.3.  Initially, a ~230-nm-radius Pt electrode was clean and essentially flat (the maximum 
recess depth was ~6 nm; Fig. 2.3A).  To modify the electrode surface, its potential was swept from 
-0.2 V to -1.3 V vs Ag/AgCl in acetonitrile solution of nitrobenzenediazonium tetrafluoroborate.  
As expected from the literature,16a thick polymer film was electrografted to the electrode surface 
(Fig. 2.3B).  Unlike simple reduction of diazonium salts at bare metal electrodes that typically 
produces a few nm thick insulating multilayer,17 the reduction of nitrobenzenediazonium occurs 
at more negative potentials and yields thicker and conductive polymerized films.16 The ~100-nm-
thick film in Fig. 2.3B entirely covers the Pt surface extending beyond its limits to cover a small 
portion of glass insulator.  After the 30 min treatment in the plasma cleaner, the film was removed, 
and both smooth glass and Pt surface can be seen in Fig. 2.3C.  This result suggests the possibility 




Figure 2.3. Non-contact AFM topography images of a polished Pt nanoelectrode before (A) and after (B) 
electrografting of a polymer film, and after the film removal by plasma treatment (C).  
  
2.4 Conclusions 
A plasma cleaner is a useful tool for nondestructive cleaning of nanoelectrodes.  The AFM 
images and electrochemical measurements taken before and after cleaning suggest that the air 
plasma treatment is effective in removing impurities and organic films from the electrode surface.  
In this way, one can avoid mechanic polishing of a contaminated (or surface-modified) 
nanoelectrode, which is likely to change the electrode shape and size and increase the thickness of 
its insulating sheath.  Because fabricating similar nanoelectrodes is not straightforward, the use of 
plasma cleaning can facilitate the replication of nanoelectrochemical experiments and improve 
their reproducibility. 
The time required for the electrode cleaning depends on various factors, including the 
amount and nature of impurities on its surface.  The completeness of the impurities (or organic 
film) removal can be confirmed by AFM imaging of the electrode surface.  Additional cleaning 
may improve the electrode response (cf. Figs. 2.1D and 2.1F).  Although a simple air plasma 
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cleaner performed well in our experiments, it may be possible to attain more efficient surface 
cleaning and film removal by optimizing the protocol, including the gas composition, vacuum and 
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Chapter 3. Scanning Electrochemical Microscopy of Single Spherical 
Nanoparticles: Theory and Particle Size Evaluation 
(This chapter had been published as Y. Yu, T. Sun, and M. V. Mirkin "Scanning Electrochemical Microscopy (SECM) 
of Single Spherical Nanoparticles: Theory and Particle Size Evaluation", Anal. Chem. 2015, 87, 7446. Reproduced 
by permission of the American Chemical Society) 
 
3.1 Introduction 
Electrochemical processes involving nanoparticles (NPs) have been the subject of 
extensive research because of their extraordinary physical and chemical properties1,2 and 
applications in sensing3 and electrocatalysis.4 The strong size and shape dependence of NP 
properties is important for various processes from catalysis5 to deoxygenation6 to NP uptake into 
mammalian cells.7 The effects of variations in individual NP properties are difficult to assess in 
studies of large ensembles of particles. Thus, several methodologies were developed for 
electrochemical experiments at single NPs, including optical techniques, such as surface plasmon 
resonance imaging8 and single molecule fluorescence imaging,9and electrochemical 
measurements at a metal NP either landing at or attached to a small electrode.5a,10-16 
We showed recently17 that electrochemical activity of single gold nanoparticles (AuNPs) 
attached to the catalytically inert carbon surface can be mapped by using small (≥3 nm radius) 
polished nanoelectrodes as tips in the scanning electrochemical microscope (SECM). Unlike the 
techniques based on immobilization of single NPs on nanoelectrodes, this approach is potentially 




Most of the existing SECM theory was developed for the disk-shaped tip and flat 
substrate.18a Some approximations and numerical simulations were reported for hemispherical and 
sphere-cap shaped tips,18b-h,19,20a and only a few curves have been simulated for non-flat substrates 
and those including microscopic spherical features.19,20 Here we develop the theory for SECM 
current-distance curves obtained with a disk-shaped tip approaching a surface-bound spherical NP 
and calculate the collection efficiency for the electroactive species generated at the spherical 
substrate and collected at the tip. A schematic representation of the problem geometry used in our 
finite-element simulations is shown in Fig.3.1. 
An important issue in experiments with single NPs is the particle size evaluation. Several 
techniques such as dynamic light scattering, nanoparticle tracking analysis, resistive-pulse 
measurements with nanopores21 or nanopipettes,22 NMR spectroscopy,23 and capillary 
electrophoresis/inductively coupled plasma mass spectrometry combination24 are available for 
evaluating the size of NPs in solution. Electron microscopy (especially TEM) are widely used for 
measuring dry NP size in vacuum. However, measuring an individual surface-bound NP in an 
electrochemical system is not straightforward. The ability to evaluate the size of the specific 
surface-bound particle is essential for electrochemical experiments at the level of single NPs, 
especially for polydisperse NPs and soft particles whose size in solution can be different from that 
in vacuum. Atomic force microscopy (AFM) that can visualize a surface-attached NP in solution 
is prone to greatly overestimating the lateral particle size due to the tip convolution effect,17,25 
while significant errors in the NP height can result from the tip/sample interactions.26 In our recent 
experiments the apparent size of 10 – 20 nm Au NPs was much closer to their nominal diameter 
in SECM images than in AFM images.17 However, an SECM image of an NP is relatively hard to 
obtain and analyze. A more straightforward and accurate approach developed here is based on the 




In a feedback mode SECM experiment, the electrolyte contains an electroactive species 
that is oxidized (or reduced) at the tip electrode. When the tip is brought near a conductive 
substrate, the product of the tip reaction diffuses to its surface, where it gets re-reduced (or re- 
oxidized). The tip current increases with decreasing separation distance (d) due to the mediator 
regeneration process (positive feedback). No mediator regeneration occurs at the insulating 
substrate, and the tip current decreases with decreasing d because of hindered diffusion of redox 
species (negative feedback). Several combinations of reactive or inert NPs with either conductive 
or insulating substrate surfaces can be employed for NP size evaluation: i.e., (1) reactive 
NP/insulating substrate, (2) inert NP/conductive substrate, (3) reactive NP/conductive substrate, 
and (4) inert NP/insulating substrate, The first two combinations should be advantageous because 
of the sharp contrast between the positive feedback produced by the reactive NP and negative 
feedback at the underlying insulating surface (or vice versa in case 2). Because electrochemical 
experiments typically employ reactive (i.e., metal) NPs, our primary focus here is on combination 
(1). To regenerate the redox mediator, a particle with rp comparable to the tip radius (a) must be 
electrically connected. For the conductive NP/insulating substrate combination, this can be 
attained either by partially burying a NP into a nm-thick passivating film (e.g., a polyphenylene 
multilayer electrografted to a conductive graphite surface17) or via the electron tunneling between 
the NP and underlying conductive surface through the insulting film.11c,27 
 
3.2 Theory 
Feedback mode. The steady-state diffusion problem formulated below applies to the 
SECM feedback mode with a one-step electron transfer reaction occurring at the disk-shaped tip. 













is diffusion limited. The spherical object is immobilized on the plane, and the mediator 
regeneration occurs at the conductive portion of the substrate (either a NP or the surrounding planar 
surface) at the diffusion-controlled rate. With the excess supporting electrolyte, the corresponding 
differential equation in cylindrical coordinates is 
 
(3.1) 
   
 












Figure 3.1 Geometry of the simulation space and parameters defining the diffusion problem for the disk- 
shaped SECM tip approaching a spherical particle attached the planar support. 
 
The dimensionless variables can be introduced as follows: 
 
                                                             R = 𝑟/𝑎 (3.2a) 
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                                                             Z = 𝑧/𝑎 (3.2b) 
                                                             C(𝑅, 𝑍)  = 𝑐(𝑟, 𝑧)/𝑐∗ (3.2c) 
                                                             LL = 𝑙/𝑎 (3.2d) 
                                                             RG = 𝑟𝑔/𝑎 (3.2e) 
                                                             RS = 𝑟𝑠/𝑎 (3.2f) 
                                                             L = 𝑑/𝑎 (3.2g) 
                                                             RP = 𝑟𝑃/𝑎 (3.2h) 
where c* is the bulk concentration, rg is the tip insulator radius, rs is the simulation space limit in 
the radial direction, l is the z-coordinate of the lower simulation space limit, and d is the vertical 
distance from the tip to the sphere top. The current was calculated by solving the following 








   
One of two following conditions is applicable to either reactive (Eq. 3.5a) or inert (Eq. 
3.5b) NP: 
𝐶 = 1; 0  R  RP, Z = L + RP ± √𝑅𝑃2  − 𝑅2     (reactive sphere) (3.5a) 
 
∂C(R,Z) 




where ∂C(R, Z)/ ∂n is the normal derivative. 
One of two following conditions is applicable to either conductive (Eq. 3.6a) or 
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insulating (Eq. 3.6b) substrate surface: 
C = 1; 0 < R  RS, Z = L + 2RP; (conductive substrate) (3.6a) 
 
∂C(R,Z)  




=  0; Z=0, 1 < R  RG; -LL  Z  0, R = RG; (insulating region) (3.7) 
∂n 
 
C = 1; -LL  Z  2RP + L, R = RS; Z = -LL, RG < R  RS (simulation space limit) (3.8) 
 
∂C(R,Z)  
=  0; R = 0, 0  Z  L (axis of symmetry) (3.9) 
∂R 
 
The dimensionless tip current obtained by integrating the dimensionless diffusion flux over 
the tip surface corresponds to the physical current normalized by the diffusion limiting current to 
the inlaid disk with the radius a.  
                                                                                                                             (3.10)  
      
     
 where  
                                                                   (3.11)  
 
n is the number of transferred electrons, F is Faraday constant and D is the diffusion coefficient of 
redox species. 
The above diffusion problem was solved numerically using COMSOL Multiphysics® 
version 4.4 commercial simulation package. The shape of the current-distance curves is 
determined by three dimensionless parameters, L = d/a, RG = rg/a and RP =rp/a. To limit the 
number of simulations, the theory is developed here only for RG=10. The computed working 
curves are sufficiently accurate for any RG when the particle is reactive and may contain some 
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error when the NP is inert and RG << 10.18a Fig. 3.2A presents the IT vs. L dependences for reactive 
NPs with different RP values immobilized on the insulating substrate. With the increasing RP 
value, the SECM response changes from pure negative feedback (RP = 0; lower dashed curve) to 
pure positive feedback (RP = ∞; upper dashed curve). Similarly to the approach curves calculated 
earlier for a finite-size disk-shaped conductive substrate embedded into the insulting plane,28 the 
smallest radius of the reactive spherical NP that can be confidently detected is ~0.1a (the bottom 
solid curve in Fig. 3.2A). The opposite extreme is a large NP (e.g., RP = 2; top solid curve) for 
which the shape of the approach curve is similar to that for a flat conductive substrate (upper 
dashed curve). 
An analytical approximation was derived to facilitate the fitting of experimental approach 
curves to the theory. The whole family of SECM working curves shown in Fig. 3.2A for 0.1  L 
 5 can be accurately described by Eq. (3.12) 
 
(3.12)                                                                                                                                             
  
with the parameter values elsewhere for different RPs. The numerical results (symbols) fit Eq. 






Figure 3.2 Dimensionless current vs. distance curves for a disk-shaped tip with RG = 10 approaching a 
reactive spherical NP on an inert substrate. (A) The lower and upper dashed curves are for the flat insulating 
and conductive substrate, respectively. (B) Current-distance curves obtained from simulations (solid lines) 
and calculated from Eq.3.12 (symbols). From top to bottom, RP = 1, 0.5, 0.3, 0.2 and 0.1. 
 
 
A practically important case is an NP partially buried into the passivating film assembled 
on the underlying conductive surface. The NP portion exposed to the solution is shaped as a 
spherical cap. If the film thickness is >rp, the radius of the base of the exposed cap is less than rp, 
and the above theory cannot be used to calculate the SECM approach curves. If the film thickness 
equals rp, the exposed reactive surface is hemispherical. The approach curves to such a hemisphere 
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were simulated for two different RP values and compared to those obtained at a fully exposed 
spherical NP (Fig. 3.3). When the NP is relatively large (e.g., NP ≥ 1), the approach curves 
simulated for a hemisphere and a full sphere are essentially indistinguishable (cf. blue and red 
curves calculated for RP = 1 in Fig. 3.3). The reason for this similarity is that the positive SECM 
feedback is mostly produced at the top half of the spherical particle. The blocking effect of the 
insulating film is not significant in this case because it is mostly screened by the large RP, and the 
tip never comes close to it. When RP is significantly less than one (e.g., 0.5 in Fig. 3.3), the 
feedback current at the hemispherical substrate (green curve) is somewhat lower than at the 
spherical NP (black curve). For RP = 0.5, this difference would result in <20% error in the NP 
radius value determined by fitting an experimental approach curve to the theory (see below). 
 
Figure 3.3 Current-distance curves simulated for a disk-shaped tip approaching equally sized spherical 
(blue and black curves) and hemispherical (read and green curves) reactive NPs attached to the insulating 
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plane. RP = 1 (blue and red) and 0.5 (black and green). The inset shows geometries of the fully exposed and 
partially buried NPs. 
 
 
Another feature of the above model that is hard to fully implement in the SECM experiment 
is a perfect positioning of the tip over the center of the surface bound NP. The effect of the lateral 
shift of the tip center with respect to that of the spherical NP on the shape of SECM approach 
curves is investigated in Fig. 3.4. Solid lines in Fig. 3.4 were obtained by numerically solving the 
3D steady-state diffusion problem for the lateral tip displacement equivalent to 25% of its radius 
(0.25a), while symbols represent current-distance curves calculated for the perfectly aligned tip 
and NP (cf. the left and right pictures in the inset). Fig. 3.4 shows that the approach curves obtained 
with the 0.25a displacement, which represents the experimentally attainable precision of the tip 
positioning, are practically indistinguishable from the corresponding curves simulated for the 
perfect tip/NP alignment. The error in the determined RP value associated with the imperfect 
lateral alignment should be <<10% as long as the displacement is within 0.25a and the NP is not 






Figure 3.4 Simulated current-distance curves for the tip center perfectly aligned with that of the reactive 
spherical NP (symbols) or shifted from it laterally by 0.25a (solid lines). RP = 1 (black symbols and green 
line) and 0.5 (red symbols and blue line). The inset illustrates the prefect (left) and imperfect (right) tip/NP 
alignment. 
 
Finding and imaging a small (RP < 1) reactive NP immobilized on a conductive substrate 
without breaking the tip is very difficult. Fig. 3.5 contrasts the simulated approach curves at 
reactive NPs immobilized on conductive (dashed lines) and insulating (solid lines) substrates. If 
the NP is relatively large (e.g., RP ≥ 1), it screens the underlying surface from the tip, and the 
differences between the curves obtained at a conductive (red solid curve) and insulating (blue 
dashed curve) support are minor. In contrast, when a smaller NP (e.g., RP = 0.5) is immobilized 
on the conductive surface, significantly higher positive feedback is expected than that obtained 
with the same particle attached to the insulating support (cf. dashed green and solid black curves 
in Fig. 3.5). In the cases of relatively large particles (e.g. RP=1), the approach curves (red solid 
line and blue dash line in Fig. 3.5) are essentially independent of the substrate nature. Importantly, 
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the effect of the RP on the shape of the approach curve is much smaller when the underlying 
surface is conductive (cf. dashed green and blue curves). Therefore, SECM is not a promising 
technique for evaluating the size of a reactive NP attached to the conductive substrate. 
 
  
Figure 3.5 Current-distance curves simulated for a disk-shaped tip approaching a reactive spherical NP 
immobilized on the conductive (dashed lines) or insulating (solid lines) flat surface. RP = 1 (dashed blue and 
solid red curves) and 0.5 (dashed green and solid black curves) 
 
 
In the case of an inert sphere immobilized on an insulating substrate, the magnitude of 
negative feedback reflects the blocking effects of both the NP and underlying plane on tip current 
(Fig. 3.6A). This dependence is complicated, and the approach curve simulated for larger NPs (RP 
 1) tend to cross and cannot be easily distinguished. This observation as well as the difficulties in 
finding a small inert particle on the insulating surface suggest that characterizing this system by 






Figure 3.6 Simulated dimensionless approach curves for inert spherical particles immobilized on the 
insulating substrate (A) or conductive (B) substrate. 
 
 
The shape of the current-distance curves for an inert NP immobilized on a conductive 
substrate strongly depends on the RP value (Fig. 3.6B). For very small NPs (e.g., RP < 0.1), the 
approach curves are essentially identical to that obtained at a flat, uniformly conductive substrate 
(upper dashed curve in Fig. 3.6B). As the RP increases, the tip current decreases, and the curve 
shape approaches that of the pure negative feedback (lower dashed curve in Fig. 3.6B). The size 
of such particles (e.g., droplets or polymer beads29) should be possible to evaluate over the range 
~0.2 ≤ RP ≤ ~1. 
SG/TC mode. In substrate generation/tip collection (SG/TC) mode of the SECM 
operation, a larger tip collects redox species generated at the NP surface. This approach can be 
useful for investigating intermediates and mechanisms of electrocatalytic reactions occurring at 
the NP surface.17 If the tip process is diffusion controlled and the species produced at the substrate 
is stable at the experimental time scale, the collection efficiency (i.e., iT/iS) is determined by two 
dimensionless parameters — the normalized separation distance (d/rp) and the ratio of the particle 
and tip radii (RP). Fig. 3.7 shows the collection efficiency vs. distance dependences for various 
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RP values. The shorter tip-substrate distances and larger tip size (small RP) correspond to higher 
collection efficiency. Unlike the feedback mode, the distance scale in SG/TS experiments is 
determined by rp rather than a. The two panels in Fig. 3.7 represent two typical experimental 
situations: (A) a reversible process in which the tip regenerates the redox mediator present in the 
bulk solution at the diffusion-controlled rate, and (B) an irreversible process with the tip producing 
electro-inactive species.  
 
Figure 3.7 Simulated collection efficiency vs distance dependences for the SG/TC experiment with a 
spherical substrate. From top to bottom, RP = 0.1, 0.2, 0.5, 1 and 2. The tip electrode regenerates the 
mediator (A) or produces electroinactive species (B) at a diffusion-controlled rate. 
 
3.3 Experimental Section 
Materials. Ferrocenemethanol (FcMeOH, 97%, Alfa Aesar) was sublimed before use. 4- 
aminobenzylamine (99%), NaNO2 (99.99%), KCl (99%), and HCl were purchased from Sigma- 
Aldrich and used as received. ZYB grade highly oriented pyrolytic graphite (HOPG) was obtained 
from K-Tek. Unconjugated AuNPs (Ted Pella, Inc.) were either 20-nm diameter (7×1011 
particles/mL) or 100-nm diameter (5.6×109 particles/mL), as specified by the vendor, stabilized 
with the net negative surface charge by trace amounts of citrate. All aqueous solutions were 
prepared using deionized water with total organic carbon (TOC) ≤ 5 ppb from the Milli-Q 
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Advantage A10 system equipped with Q-Gard T2 Pak and a Quantum TEX cartridge. 
Electrodes and voltammetry. Polished disk nanoelectrodes were prepared by pulling 25- 
μm-diameter annealed Pt wires into borosilicate glass capillaries with a P-2000 laser pipette puller 
(Sutter Instrument Co.) and polishing under video microscopic control, as described previously.30 
Voltammograms were obtained with an EI-400 bipotentiostat (Ensman Instruments, Bloomington, 
IN) inside a Faraday cage. The two-electrode setup was used with a 0.25 mm diameter Ag wire 
coated with AgCl serving as a reference electrode. The substrate surface modification was 
performed in a three-electrode configuration using a platinum wire as a counter electrode and an 
Ag/AgCl reference electrode (Bioanalytical Systems). 
SECM setup and procedures. SECM experiments were carried out using a home-built 
previously described instrument. 17 The nanoelectrode used as an SECM tip was positioned a few 
tens of micrometers above the substrate surface. A long-distance video microscope was used to 
monitor the initial approach of the SECM tip to the substrate. The tip was then brought closer to 
the substrate in an automated mode until the monitored tip current changed by 10%. The current- 
distance curves were obtained during the subsequent fine approach. An AuNP immobilized on the 
substrate was located by positioning the tip ~1.5a above the substrate plane and scanning it either 
in X or Y direction while monitoring the tip current. All experiments were carried out at room 
temperature (23 ± 2 °C) inside a Faraday cage. 
AFM and TEM imaging. An XE-120 scanning probe microscope (Park Systems) was 
employed for imaging the nanoelectrodes and the HOPG substrate. PPP-NCHR AFM probes 
(Nanosensors) were used for noncontact imaging. The procedures for AFM imaging of 
nanoelectrodes were reported previously.31 Transmission electron microscopy (TEM) images were 
obtained using a JEOL JEM-2100 TEM with samples supported on 400 mesh copper grids coated 
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with Formvar/carbon film (Ted Pella, Inc.). 
Substrate preparation. A polyphenylene multilayer was formed in situ by the reduction 
of the corresponding diazonium salt, as described previously.
17,32 Briefly, 1 mL of 50 mM NaNO2 
was added to 5 mL of aqueous solution containing 10 mM 4-aminobenzylamine and 0.5 M HCl 
while stirring in an ice bath. The electrografting to graphite surface was achieved by applying two 
potential sweep cycles between 0.3 V to -0.5 V vs. Ag/AgCl. HOPG was rinsed with deionized 
water and dipped into 0.5 M HCl for 1 min to protonate -NH2 groups. The negatively charged 
citrate-stabilized gold particles were electrostatically attached to the protonated film by immersing 
HOPG in AuNP colloid solution for 30 min. 
3.4 Results and Discussion 
Characterization of nanoparticles. AuNPs were characterized using TEM and AFM. 
From TEM images of individual, isolated particles (Fig. 3.8A and 3.8B), the diameter of the dry 
commercial AuNPs was either 19.8 (± 1) nm or 99.5 (±5) nm in good agreement with the 

















Figure 3.8 TEM images of 20 nm (A) and 100 nm (B) AuNPs and topographic AFM images of 20-nm 
and 100-nm (D) AuNPs immobilized on the HOPG surface modified with a polyphenylene film. 
 
 
An XE-120 scanning probe microscope was employed for the non-contact mode 
topographic imaging of surface-bound AuNPs. From AFM images (Fig. 3.8C and 3.8D), AuNPs 
electrostatically attached to the polyphenylene film are not aggregated and well separated. The 20-
nm and 100-nm AuNPs appear to be 18-20 nm and 95-106 nm in height and 45-50 nm and 180- 200 
nm in width, respectively. The overestimation of the lateral dimension of the AuNP is caused by 
the tip convolution effect, as discussed earlier.17,25 
Characterization of nanoelectrodes. The nanoelectrodes were characterized by steady- 
state voltammetry and AFM imaging, as discussed previously.31 Fig. 3.9A shows a non-contact 
topographic AFM image of a typical ~80-nm-radius polished Pt electrode. From the image, one 
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can see that this electrode was essentially flat and well-polished. The conductive surface was 
recessed into glass by 4 nm, which is only ~1/20 of a; such a small recess depth has a negligible 
effect on the iT,∞ value and the shape of the SECM approach curves.
33 From the diffusion limiting 
current in the steady-state voltammogram of 1 mM FcMeOH obtained at the same electrode (Fig. 
3.9B), the effective radius can be evaluated using Eq. 3.11 with n = 1, c* =1 mM, and D = 7.6 × 
10−6 cm2/s 30 for FcMeOH. The effective radius, a = 79 nm obtained from Fig. 3.9B is in agreement 




Figure 3.9 A noncontact topographic image of a 79-nm-radius polished Pt nanoelectrode (A) and a 
steady-state voltammogram of 1 mM FcMeOH obtained at the same electrode in 0.2 M KCl solution (B). 
 
Evaluation of the NP size from SECM approach curves. AuNPs attached to the 
HOPG/polyphenylene film represent the case of a reactive NP on the inert substrate surface.17 Fig. 
3.2 suggest that the particle size can be evaluated by fitting an experimental approach curve to 
the theory for a broad range of RP values. However, for RP < 0.2, the contribution of the positive 
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feedback produced by the particle to the overall current is small, and finding such an NP on the 
insulating substrate without breaking the tip is difficult. When RP is >1, the curve shape is 
relatively insensitive to its value, and the uncertainty of size determination should be high. The 
SECM is practically suitable for NP measuring for the range of RP values, ~0.2  RP  ~1. 
The experimental current vs. tip displacement curve shown in Fig. 3.10A was obtained 
with the nanoelectrode that was characterized in Fig. 3.9. When the tip approached an individual 
AuNP with rp = 50 nm, the current increased, as expected from the theory, and then levelled off 
abruptly, indicating that the glass sheath of the tip touched the substrate surface. The best fit 
between this data and the theory was obtained with the RP value of 0.65 (blue solid curve in 
Fig.3.10B). Using the tip radius value, a = 79 nm, found from the diffusion limiting current and 
AFM image in Fig. 3.9, RP = 0.65 corresponds to rp = 51 nm that agrees very well with the nominal 
NP radius of 50 nm confirmed by our TEM images (Fig. 3.8A). 
  
Figure 3.10 Current vs. tip displacement curve obtained with a 79-nm-radius tip approaching a 50-nm- 
radius AuNP (A) and theoretical approach curves (solid lines) bracketing the experimental data (symbols) 
(B). Solution contained 1 mM FcMeOH and 0.2 M KCl. The tip current in panel B is normalized with iT,∞ 
= 24 pA. 
 The experimental approach curve could be fit to the theory using RP values slightly 
different from 0.65, e.g., RP = 0.6 (orange curve in Fig. 3.10B) or RP = 0.7 (red curve). However, 
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no satisfactory fit could be obtained with either RP = 0.55 (green curve in Fig. 3.10B) or 0.8 (purple 
curve). Thus, the 0.6  RP  0.7 range roughly corresponds to the uncertainty in the NP radius 
value determined by SECM, rp = 51 ± 5 nm. 
Using a tip with a suitable radius, one can measure much smaller AuNPs (e.g., an NP with 
the nominal rp of 10 nm in Fig. 3.11). The current vs. tip displacement curve obtained with an 11- 
nm-radius tip is shown in Fig. 3.11A. For the same data in the normalized form (symbols in Fig. 
3.11B), the best fit to the theory was obtained with RP = 0.9 (blue curve). The experimental curve 
in Fig. 3.11B is bracketed by theoretical curves calculated with RP = 0.8 (red) and 1 (orange). This 
data would not fit theoretical curves obtained with either RP = 0.7 (purple) or 1.2 (green). The RP 
range 0.8  RP  1, corresponds to rp = 10 ± 1 nm  
 
Figure 3.11 Current vs. tip displacement curve obtained with an 11-nm-radius tip approaching a 10-nm- 
radius AuNP (A) and theoretical approach curves (solid lines) bracketing the normalized experimental data 
(symbols) (B). Solution contained 1 mM FcMeOH and 0.2 M KCl. iT,∞=3.4 pA. 
 
3.5 Conclusions 
We have developed the SECM theory for a disk-shaped tip approaching a surface-bound 
spherical particle. Different situations involving either reactive or inert particles immobilized on 
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either conductive or insulating surfaces have been considered. The simulated working curves and 
a derived analytical approximation can be used to analyze the results of SECM experiments at 
single nanoparticles. Possible complications such as the imperfect lateral alignment of the tip 
center with respect to that of the particle and partial burying of a spherical NP into the insulating 
surface film have been simulated. The developed substrate generation/tip collection theory is 
potentially useful for SECM studies of electrocatalytic processes at NPs. 
The methodology was developed for evaluating the size of an NP from SECM approach 
curves. The radii of larger (rp = 50 nm) and smaller (rp = 10 nm) AuNPs attached to the 
HOPG/polyphenylene substrate were accurately determined by fitting experimental current- 
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Chapter 4. Scanning Electrochemical Microscopy of Individual Catalytic 
Nanoparticles 
(This chapter had been published as: T. Sun, Y. Yu, B. Zacher and M. V. Mirkin*, “Scanning Electrochemical 
Microscopy of Individual Catalytic Nanoparticles”, Angew. Chem. Int. Ed., 2014, 53, 14120. Reproduced by 
permission of the John Wiley and Sons) 
 
4.1 Introduction 
Electrochemistry of metal nanoparticles (NPs) has been subject of numerous recent studies 
because of their extensive applications in electrocatalysis and sensing.1-3 The catalytic activity of 
NPs and the reaction pathway often depend strongly on the NP shape, size and orientation on the 
surface.4-6 To investigate the effects of these factors, one has to be able to visualize and measure 
electrochemical activity at the level of single NPs and crystal-surface facets of a particle. Optical 
techniques, including surface plasmon resonance (SPR) imaging,7 and single molecule 
fluorescence imaging8 were employed recently to map catalytic activity distribution on a single 
NP level. One electrochemical approach to single NP experiments is to measure the current at a 
metal particle either landing at or attached to a small electrode.9-15 The reported landing 
experiments provided more information about transport processes and collision dynamics, the size 
distribution and concentration of NPs than electron transfer (ET) or catalytic activities. The 
problems in NP immobilization experiments11,12,15 include difficulties in characterizing the 
geometry of the nanoelectrode/NP system, significant background current produced by the 
underlying electrode surface, and poorly defined particle shape if the NP is formed in-situ via 
electrodeposition. 
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An alternative approach can be more useful for characterization of individual NPs 
constituting a macroscopic catalyst in real-world application environment. Using a nanoelectrode 
as a tip in the scanning electrochemical microscope (SECM),16 one can address an individual NP 
immobilized on the substrate surface. SECM has previously been employed in studies of 
electrochemical reactions at surface-immobilized NPs, including heterogeneous ET,17 
electrocatalytic hydrogen evolution reaction (HER),18 and oxygen reduction;5,19 however, no 
SECM experiments at single immobilized NPs have yet been reported. Somewhat similar 
experiments were performed in which a scanning tunnelling microscopy (STM) tip was used to 
first form a Pd NP by electrodeposition, deposit it onto an Au surface, and then detect H2 produced 
by HER at the NP.20 One of the difficulties in this pioneering work was that a conical STM tip is 
not an ideal probe for quantitative electrochemical measurements. In another novel SECM-type 
experiment, a conductive atomic force microscopy (AFM) tip was used to measure the size and 
statistical distribution in grafting density of PEG on the NPs modified with a redox-labelled 
ferrocene/polyethylene glycol capping agent.21 Another scanning probe technique—scanning 
electrochemical cell microscopy (SECCM)—was used for mapping electrocatalytic activity of the 
NP ensemble and showed significant differences in activities of similarly sized NPs.22 
Here we employ SECM with a disk-type polished Pt tip to image individual AuNPs and 
probe ET and HER reactions at their surfaces. Two types of SECM experiments are shown 
schematically in Fig. 4.1. In a feedback mode experiment (Fig. 4.1a), a nm-sized SECM probe 
approaches a metal NP whose radius (rp) is either larger than or comparable to that of the tip (a). 
The electrolyte contains electroactive mediator (in this work, ferrocenemethanol; Fc) and the tip 
potential (ET) is such that the mediator oxidation occurs at a rate governed by diffusion. When the 
separation distance (d) becomes comparable to a, the oxidized form of the mediator (Fc+) produced 
at the tip surface gets reduced at the substrate, and the tip current increases with decreasing d 
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(positive feedback). The tip current can be recorded as a function of d (approach curve) or tip x– 
y position (imaging). If no mediator regeneration occurs at the sample, the tip current decreases 
with decreasing d because of hindered diffusion of redox species (negative feedback). In substrate 
generation/tip collection mode (SG/TC mode; Fig. 4.1b), d is too long for efficient SECM 






Figure 4.1 Schematic representation of the feedback mode (a) and generation/collection (b) SECM 
experiments at single NPs. 
 
 
4.2 Experimental Section 
Materials. Ferrocenemethanol (FcMeOH, 99%, Sigma-Aldrich) was sublimed before use. 
4- Aminobenzylamine (99%), NaNO2 (99.99%), KCl (99%), HCl (37%), HClO4 (70%) and 
NaClO4 (99%) purchased from Sigma-Aldrich were used as received. Highly oriented pyrolytic 
graphite (HOPG) obtained from K-Tek was of ZYB grade. AuNPs (Ted Pella, Inc.) were either 
10-nm diameter (as specified by the vendor, 5.7 × 1012 particles/mL) or 20-nm diameter (7 ×1011 
64  
particles/mL), stabilized with net negative surface charge by trace amounts of citrate. The 10 nm 
AuNPs have previously been characterized by TEM and other techniques, and their average 
diameter was found to be 9.5 ± 0.3 nm. All aqueous solutions were prepared from deionized water 
(Milli-Q, Millipore Corp). 
Electrodes and Electrochemical Experiments. Polished disk nanoelectrodes were 
prepared by pulling 25-μm-diameter annealed Pt wires into borosilicate glass capillaries with a P-
2000 laser pipette puller (Sutter Instrument Co.) and polishing under video microscopic control as 
described previously.23 The radii varied from 3 nm to 200 nm and RG varied from 6 to 15. 
Voltammograms were obtained with a BAS-100B electrochemical workstation (Bioanalytical 
Systems, West Lafayette, IN) inside a Faraday cage. The two-electrode setup was used with a 0.25 
mm diameter Ag wire coated with AgCl serving as a reference electrode. Substrate modification 
was performed in a three-electrode configuration using a platinum wire as a counter electrode and 
an Ag/AgCl electrode (Bioanalytical Systems) as a reference electrode. The nanoelectrodes were 
characterized by voltammetry and AFM imaging. 
SECM Setup and Procedures. SECM experiments were carried out using a home-built 
instrument, which was similar to that described previously.24 The nanoelectrode used as an SECM 
tip was positioned a few tens of micrometres above the substrate surface. A long-distance video 
microscope was used to monitor the initial approach of the SECM tip to the substrate. The tip was 
then brought closer to the substrate in an automated mode until the monitored tip current changed 
by 10%. The current-distance curves and constant-height SECM images were obtained after the 
subsequent fine approach. All experiments were carried out at room temperature (23 ± 2 °C) inside 
a Faraday cage. To prevent hydrogen bubble formation either at the tip or substrate electrode, the 
acid concentration in HER experiments was always less than 40 mM.25 
AFM Imaging. An XE-120 scanning probe microscope (Park Systems) was employed for 
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imaging the nanoelectrodes and the HOPG substrate. PPP-NCHR AFM probes (Nanosensors) 
were used for noncontact imaging. The procedures for AFM imaging of nanoelectrodes were 
reported previously.26 
Substrate Preparation. A polyphenylene layer was formed in situ by the reduction of the 
corresponding diazonium salt, as described in the literature.27 Briefly, 1 mL of 50 mM NaNO2 was 
added to 5 mL of aqueous solution containing 10 mM 4-aminobenzylamine and 0.5 M HCl while 
stirring in an ice bath. The electrografting to graphite surface was achieved by applying two 
potential sweep cycles between 0.1 V to -0.6 V vs. Ag/AgCl. HOPG was rinsed with deionized 
water and dipped into 0.5 M HCl for 1 min to protonate -NH2 groups. The negatively charged 
citrate-stabilized gold particles were electrostatically attached to the protonated film by immersing 
HOPG in either 9 nM (10 nm NPs) or 1 nM (20 nm NPs) AuNP solution for 30 min. 
4.3 Results and Discussion 
To probe a heterogeneous reaction at the metal NP, it has to be immobilized on flat, uniform, 
and electrochemically inert surface that would provide an electrical connection to the particle. 
Highly ordered pyrolytic graphite (HOPG) can fulfil all these requirements due to its very low 
roughness, catalytic inertness, and the ease of passivating its surface via well-established 
diazonium electrochemistry.27,28 The sub-nanometre scale roughness of a bare HOPG substrate can 
be seen in a non-contact mode AFM topography image (Fig. 4.2a) and a feedback mode SECM 
image of the same HOPG sample (Fig. 4.2b) obtained with 33 nm-radius polished Pt tip. The 
electrochemical image shows significant positive feedback (the tip current at the “infinite” 
separation distance, iT,∞ = 10 pA) essentially uniform over the entire HOPG surface. SECM 
approach curves obtained with Fc mediator at a bare HOPG substrate also showed positive 
feedback. It is interesting to note that no major spatial variations in the regeneration rate of Fc 
mediator can be detected in the image obtained with the nanometre-sized tip. This observation is 
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in agreement with previous finding of the Unwin group that electrochemical reactivity of the 
graphite basal plane is not significantly lower than that of the step edges.29 
An AFM image of the compact polyphenylene multilayer assembled on the HOPG surface 
by electrochemical reduction of the corresponding aryl diazonium salt27,30 shows sub-nm scale 
roughness (Fig. 4.2c), only slightly higher than that of bare HOPG (Fig. 4.2a). The corresponding 
SECM image obtained with a 33 nm tip (Fig. 4.2d) is also flat and featureless with the uniformly 
negative feedback (iT,∞ = 10 pA). Importantly, the ET across the film appears to be completely 
blocked, as the SECM current-distance curve fits well the theory for pure negative feedback. 
Although the defect density in polyphenylene multilayers is known to be relatively high, the rate 
of ET through defects is too slow to produce measurable current at a nm-sized tip. 
20-nm AuNPs electrostatically attached to the polyphenylene film appear to be ~10-15 
nm high and ~50 nm diameter (laterally) in the AFM image (Fig. 4.2e). The height value smaller 
than the nominal AuNP diameter is expected because the NPs are partially buried in the 
polyphenylene layer, while a significantly larger lateral NP size in the image is an artifact that has 
previously been reported and explained by the tip convolution effect.31 The low particle density 
on the surface required for electrochemical experiments at individual NPs was attained by 
immersing the substrate in AuNP solution for 30 min. A longer immersion time resulted in a 
much higher NP density, and the SECM image of such a substrate showed positive feedback, 
suggesting that an ensemble of AuNPs behaved as an unbiased conductive substrate. The high 
density NP packing is too close for individual particles to be seen in the SECM image. In 
contrast, the SECM image of low density AuNPs (Fig. 4.2f) contains several high spikes of tip 
current against the much lower background, corresponding to negative feedback over the 
passivated HOPG surface. These spikes point to the presence of well-separated nanoparticles on 
the surface, which cannot be seen clearly with a relatively large tip (a = 42 nm) and low line 
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density (40 nm distance in y-axis between two nearest tip scans in Fig. 4.2f).  
 
Figure 4.2 1 μm × 1 μm noncontact mode topographic AFM (a, c and e) and feedback mode SECM (b, d 
and f) mages of the bare HOPG surface, HOPG coated with the polyphenylene film, and AuNPs 
immobilized on the film, respectively. The red lines in a, c and e correspond to the shown cross-sections. (b 
,d, f) ET = 400 mV; the substrate was unbiased. 
 
Using a smaller tip (e.g., a = 14 nm; Fig. 4.3), one can zoom in on a single AuNP. The 50 
nm × 50 nm constant-height SECM image in Fig. 4.3a shows significant positive feedback over 
the NP surface and negative feedback over the polyphenylene film (iT,∞ = 4.5 pA). The NP diameter 
in Fig 4.3a is close to the expected 20 nm value, as opposed to ~50 nm in the AFM image (Fig. 
4.2e). The current-distance curve obtained with the same tip positioned above the same AuNP 
(symbols in Fig. 4.3b) fits the theory (solid line) very well. The theoretical curve was simulated 
for a disk-shaped nanoelectrode with a = 13.6 nm and RG = 10 (RG = rg/a, where rg is the thickness 
of the insulating glass sheath). The current-distance curve obtained with the same tip over 
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polyphenylene film fits the theory for the pure negative feedback32 using RG = 10 and a=14.4 nm 
(Fig. 4.3c). Importantly, the effective radius values obtained from the best fit in Figs. 3.3b and 3c 
are very similar to each other and in good agreement with a ≈14 nm calculated from the diffusion 
limiting current of Fc, thus indicating that an electrochemical reaction at a single 20- nm NP can 
be quantitatively probed by SECM. The diffusion-controlled positive feedback obtained at an 
unbiased macroscopic substrate with a low density of immobilized AuNPs points to very efficient 
charge transfer between the NPs and underlying HOPG surface. In addition to direct electrical 
connection between the buried AuNPs and HOPG,30 this behaviour may be due to fast ET between 
the electrode and metal NPs across an insulating film.33 
  
 
Figure 4.3 Probing ET at a single 20 nm AuNP by SECM. (a) 50 nm × 50 nm constant-height image of an 
AuNP on HOPG/polyphenylene substrate obtained with a 14-nm-radius Pt tip. (b) Experimental current-
distance curve obtained with same tip approaching the same AuNP (symbols) and corresponding theoretical 
fit (solid line). (c) Current-distance curve obtained with the same tip approaching the insulating portion of 
the substrate (symbols) and corresponding theory for the pure negative feedback (solid line).
32 Solution 
contained 1 mM Fc and 0.1 M KCl. ET = 400 mV vs. Ag/AgCl; unbiased substrate. 
  
 
Even higher spatial resolution can be attained by using a smaller SECM tip. A constant 
height image of a 10 nm AuNP in Fig. 4.4a was obtained with a 3-nm-radius polished Pt tip. The 
correct value of the NP diameter (~10 nm) indicates that the lateral resolution in this image is 
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significantly higher than that in AFM images obtained with typical commercial probes. The tip 
radius (3.1 nm) and the quantitative nature of the SECM experiment with such a small tip were 
validated by fitting an experimental current-distance curve to the theory (Fig. 4.4b). Using 
similarly sized SECM probes, one may be able to investigate electrochemical processes at specific 
crystal facets of metal NPs. 
  
 
Figure 4.4 30 nm × 30 nm constant-height SECM image of the 10 nm AuNP (a) and current-distance curve 
obtained with same 3-nm-radius tip approaching the insulating portion of the substrate (b). The 
experimental curve (symbols) is fitted to the theory for the pure negative feedback (solid line)32 with a =3.1 
nm. Solution contained 1 mM Fc and 0.1 M KCl. ET = 400 mV vs. Ag/AgCl; unbiased substrate. 
 
Catalytically inert HOPG is a convenient substrate for studying HER at single AuNPs. The 
voltammograms in diluted HClO4 solutions (Fig. 4.5a) show no hydrogen evolution waves at either 
bare HOPG (black curve) or HOPG modified with a polyphenylene film (green curve) at potentials 
more positive than -900 mV vs. Ag/AgCl reference. A strong catalytic effect of 20 AuNPs is seen 
from the proton reduction wave (red curve). 
The SG/TC mode image in Fig. 4.5b shows the map of hydrogen flux generated at an AuNP 
and collected by the 15-nm-readius Pt tip. The tip was positioned ~80 nm away from the 
HOPG/polyphenylene surface and scanned in the x-y plane above the AuNP. The lateral resolution 
of SG/TC images (and, thus, the apparent size of NP in Fig. 4.5b) is affected by the diffusion 
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broadening.16 Quantitative information about HER can be extracted from tip voltammograms 
obtained at a given ES value (Fig. 4.5c) and tip/substrate voltammograms (i.e., tip current vs. 
substrate potential dependences recorded at constant ET; Fig. 4.5d). 
 
Figure 4.5 Voltammetry and SECM imaging of HER at AuNP. (a) Voltammograms of proton reduction at 
bare HOPG (black), HOPG coated with polyphenylene film (green), and 20 nm AuNPs immobilized on the 
modified HOPG (red). (b) Substrate generation/tip collection SECM map of HER at a single 20 nm AuNP 
obtained with a 15-nm-radius Pt tip. ET = 500 mV, ES = -750 mV vs. Ag/AgCl. (c) Tip voltammograms 
with a 60-nm-radius Pt tip positioned above an AuNP, 80 nm away from the modified HOPG surface. Tip 
potential was scanned, and ES mV = -600 (1), -500 (2), and -100 (3). (d) Tip/substrate voltammograms 
obtained at the same location as in (c). Substrate potential was scanned, and ET mV = 500 (1), 400 (2), and 
100 (3). Solution contained 10 mM HClO4 and 0.1 M NaClO4. The potential sweep rate in (a), (c) and (d) 
was v = 100 mV/s. 
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Finite-element simulations showed that ~75% of hydrogen molecules generated at the 10- 
nm-radius AuNP were reaching the surface of a 60-nm-radius tip under given experimental 
conditions. The hydrogen oxidation at the tip occurred at ET > ~400 mV vs. Ag/AgCl (Fig. 4.5c). 
The wave of hydrogen oxidation was recorded at ES = -600 mV (curve 1), very little hydrogen was 
detected at ES = -500 mV (curve 2), and essentially no hydrogen at ES = -100 mV (curve 3). 
Accordingly the hydrogen oxidation current in Fig. 4.5d is observed when ES ≤ -500 mV, and it is 
negligibly small at ET = 100 mV vs. Ag/AgCl (curve 3), higher at ET = 400 mV (curve 2), and 
much higher at 500 mV (curve 1). 
The collection efficiency in SG/TC mode (i.e., iT/iS) is determined by geometry of the 
tip/substrate system and independent of the substrate potential.16 Thus, iT vs. ES curves in Fig. 4.5d 
represent the potential dependence of the proton reduction rate at a single AuNP. The linear portion 
at higher overpotentials of the Tafel plot for this process (Fig. 4.6a) obtained from curve 1 in Fig. 
4.5d exhibits a 116 mV/decade slope consistent with literature data for HER at polycrystalline 
gold.34 The Tafel plot for hydrogen oxidation at the Pt nanoelectrode (Fig. 4.6b) obtained from 
curve 1 in Fig. 4.5c has the 126 mV/decade slope, which is reasonably close to the 117 mV/decade 
measured at a polycrystalline Pt microelectrode.25 
  




Unprecedented spatial resolution of electrochemical imaging was achieved in this study by 
using extremely small Pt nanoelectrodes as SECM tips. Thus, it was possible to obtain feedback 
mode topographic images of 10- and 20-nm AuNPs and observe ET reaction occurring at 
individual NPs. Because of their well-characterized planar geometry, polished Pt tips are suitable 
for quantitative kinetic experiments.23 The current-distance curve obtained with the tip radii as 
small as 3 nm are in good agreement with the SECM theory, suggesting the possibility of spatially 
resolved, quantitative studies of heterogeneous processes occurring at single NPs and their crystal 
facets. A larger tip can be used to collect the flux of species generated by electrocatalytic reaction 
at a NP. In this way, a Tafel plot was obtained for HER occurring at a single AuNP. The developed 
approaches should be useful for charactering the activities of individual NPs constituting real- 
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Chapter 5. Direct high-resolution mapping of electrocatalytic activity of semi-
two-dimensional catalysts with single-edge sensitivity 
 
5.1 Introduction 
Synthesis and fabrication of material structures rich in catalytic active sites is essential for 
developing more efficient and less expensive electrocatalysts. However, much of the progress in 
this field is limited by the difficulty in pinpointing the active sites particularly when they are atomic 
scales in size1-3. Nickel oxide (NiO), for example, is an efficient oxygen evolution (OER) catalyst 
for water electrolysis. Its OER activity can be significantly improved by making it into 
nanostructures4-6 suggesting that the exposure of nanoscale facets/corner and edge sites could be 
the key contributor to the enhanced activity, but so far there is no direct in operando microscopy 
tool that allows a nanoscale mapping of the electrocatalytic currents on NiO or any other types of 
electrocatalyst with single-edge, single-corner or single-nanofacet sensitivity. In particular, to date, 
all inferences regarding the catalytic advantage of the under-coordinated edge sites of 
electrocatalysts were drawn from a bulk surface/edge correlative measurement. This type of bulk 
inference experiments works remarkably well for simple systems, such as single-layered MoS2, 
where the surface area and the circumference have well defined and distinctive dimension 
scalings7; however, this method is insufficient for heterogeneous materials systems, particular 
those with multiple competing types of active sites/areas. Therefore, a direct mapping of the 
electrochemical activity with nanoscopic resolution and single edge sensitivity is highly desired. 
The nanoscale maps of catalytic activity have been previously obtained by in-situ 
spectroscopic and single-molecule techniques8-12  scanning tunneling microscopy (STM)7,13, , and 
76  
various electrochemical scanning probe microscop techniques, including scanning electrochemical 
microscopy (SECM)14, scanning ion conductance microscopy (SICM),15 scanning electrochemical 
cell microscopy (SECCM),16 and plasmonic-based electrochemical current imaging.8  In SECM, 
the reactivity of electrocatalysts is characterized by scanning a miniaturized electrode tip very 
close to the catalyst’s surface14,17-19. The resolution is, however, limited by the tip size and 
diffusional broadening. Therefore, using a sufficiently small and well-shaped tip electrode is 
essential for nanoscopic imaging. Exploiting recent advances in fabrication of SECM nanotips,20-
23 here we used a well-characterized, polished nanodisk tip to directly image the catalytic activity 
for oxygen evolution reaction (OER) over a semi-two-dimensional nickel oxide nanosheet with an 
unprecedented ~10 nm lateral resolution.  By using two modes of the SECM operation, i.e., the 
feedback mode imaging with ferrocene methanol redox mediator and the generation/collection 
mode mapping of oxygen fluxes, it is possible to independently image the topography and 
reactivity of the same defect area.  Taking advantage of the high spatial resolution of the nanotip 
and coupling the two SECM modes allowed us to directly establish that the catalytic activity for 
OER at the edge of the nickel oxide nanosheet is significantly higher than that of the basal plane, 
i.e. (111) surface of the nanosheet.  To localize the atomic-scale active sites that can account for 
the activity increase at the edge, we interrogated the three-dimensional (3D) atomistic details of 
the edges using electron tomography. The tomography reconstruction shows that the nickel oxide 
nanosheet is 10 - 20 nm thick and has an obtuse-angle double-beveled edge shape. Using the 
experimentally determined atomic structures as inputs, our ab initio calculations show that the 
(002) nanofacet of the edge is far more active than other components, such as the (111) facet and 
the (111)/(111) corner sites, and thus gives the enhanced OER current when the nanotip is scanned 
across the edge.  
This work not only showcases the possibility of probing electrochemical signals over 
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individual material edges, but also demonstrates that the strategy of combining ultra-high-
resolution SECM, electron tomography, and ab initio calculation provides an easy and direct route 
for uncovering catalytic active sites on structurally complex electrocatalysts.  
5.2 Experimental Section 
Synthesis. NiO nanosheets were prepared using a two-step method. An alcohol 
pseudosupercritical drying technique was used to synthesize nickel hydroxide from Ni(NO3)2. 
Briefly, Ni(NO3)2·6H2O, urea and benzyl alcohol was added into 50 ml of methanol with a molar 
ratio of 2:1:4 in an autoclave (Parr Reactor). The reactor was then filled with 9 bars of Ar. Then, 
the mixture was heated to 265 ºC and maintained at the temperature for 1.5 hours. Finally, the 
vapor inside was vented (i.e., pseudosupercritical drying). A green powder (nickel hydroxide) was 
collected and subsequently calcined at 500 ºC for 6 hours to yield NiO nanosheets. 
Materials. Ferrocenemethanol (Fc, 99%, Sigma-Aldrich) was sublimed before use. KOH 
(99%), KCl (99%), methanol (>99.8%) purchased from Sigma-Aldrich were used as received. 
Highly oriented pyrolytic graphite (HOPG) obtained from K-Tek was of ZYB grade.  
Electrodes and electrochemical experiments. Polished Pt disk electrodes were fabricated 
by pulling 12.5-μm-radius annealed Pt wires into borosilicate glass capillaries (0.3 mm I.D. and 
1.0 mm O.D.) with a P-2000 laser pipette puller (Sutter Instrument Co.) and polishing under video 
microscopic control as described previously. In this way, the electrodes can be prepared with radii 
varying from 3 nm to 200 nm and RG (i.e. the ratio of the insulator radius to that of the Pt disk) 
=from 6 to 15.1 The voltammograms were obtained with a BAS-100B electrochemical workstation 
(Bioanalytical Systems, West Lafayette, IN) inside a Faraday cage.  A 0.25 mm diameter Ag wire 
coated with AgCl served as a reference electrode.   
Substrate preparation. NiO nanosheets were first dispersed in methanol under sonication 
and then drop cast on the HOPG surface.  When the entire surface of the mm-sized HOPG substrate 
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was covered with NiO sheets, the very large water oxidation current resulted in high concentration 
of oxygen in solution and high background current at the tip electrode.  To avoid this problem, a 
micrometer-sized spot covered by NiO sheets was created by touching the HOPG surface with the 
tip of a micrometer-sized glass pipette containing dispersed NiO sheets.  This process was 
controlled using a long-distance video microscope. 
SECM setup and procedures.  SECM experiments were carried out using a home-built 
instrument, which was similar to that described previously.2 The nanoelectrode used as an SECM 
tip was positioned a few tens of micrometres above the substrate surface.  A long-distance video 
microscope was used to monitor the initial approach of the SECM tip to the substrate.  The tip was 
then brought closer to the substrate in an automated mode until the monitored tip current changed 
by 10%. The current-distance curves and constant-height SECM images were obtained during the 
subsequent fine approach.  All experiments were carried out at room temperature (23 ± 2 °C) inside 
a Faraday cage.  To prevent possible damage to the glass-sealed nanoelectrodes, the KOH 
concentration in OER experiments was 1 mM. 
TEM and AFM Imaging. An XE-120 scanning probe microscope (Park Systems) was 
employed for imaging the nanoelectrodes and the HOPG substrate.  PPP-NCHR AFM probes 
(Nanosensors) were used for noncontact imaging.  The procedures for AFM imaging of 
nanoelectrodes were reported previously.3 The high-resolution annular dark-field scanning 
transmission electron microscopy (STEM) imaging of the NiO thin slabs were performed using a 
probe-corrected cold-field-emission dedicated STEM operated at 200 keV.  
TEM tomography. TEM tomography tilt series acquisition was performed in FEI Talos 
F200X operated at 200 keV. Images were acquired from -70 degrees to +70 degrees with two-
degree tilt intervals. The 3D tomograms were reconstructed by a home-written Matlab code 
implementing the multiplicative simultaneous iterative reconstruction technique (M-SIRT) and 
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visualized by Avizo4. 
Characterization of nanoelectrodes. The nanoelectrode tips were characterized by 
voltammetry and AFM imaging.  An AFM image of the ~80-nm-radius polished Pt electrode 
employed in NiO/HOPG imaging is shown in Figure 5.2.  The effective tip radius calculated from 
the plateau current of the steady-state voltammogram in panel B (~ 80 nm) is in good agreement 
with the AFM image. 
SECM feedback responses at NiO and HOPG with the ferrocenemethanol mediator. 
The SECM feedback was positive feedback when the tip approached the conductive HOPG surface 
(black curve) and negative over the semiconductive NiO surface (red curve).  
Cyclic voltammograms of OER at the HOPG and NiO/HOPG. The voltammograms of 
OER at the NiO/HOPG and bare HOPG substrates and iT vs. ES curves were obtained to optimize 
the imaging parameters, such as tip and substrate potentials.  The substrate potential was linearly 
swept from 0 to 0.9 V, and the tip potential was held at -0.6 V, so that oxygen generated at the 
substrate was reduced at the tip.  From the substrate voltammograms, one can see that the oxidation 
of water at drop-cast NiO occurs at ES > 0.6 V; while no appreciable OER current flows at bare 
HOPG up to ES = 0.9 V.  The corresponding iT vs. ES curves show the reduction of oxygen 
generated at NiO at ES > 0.6 V and no such current over the bare HOPG substrate at ES up to 0.9 
V.  
5.3 Results and discussion 
NiO nanosheet OER catalysts.  To interrogate the potentially active edge and corner sites, 
here we employ well-defined two-dimensional NiO nanosheets that were prepared by the 
hydrothermal method (see Supplementary Materials).24  This synthesis method produces NiO 
nanosheets that are essentially flat single-crystalline slabs containing hexagonal defect holes with 
well-defined edges. The thickness of the nanosheet is ~10-20 nm, and the size of defect holes 
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Figure 5.1. Scanning electrochemical microscopy: schematic representation of (a) positive feedback 
produced by oxidation/reduction of ferrocenemethanol (Fc) and (b) substrate generation/tip collection of 
dioxygen at NiO nanosheet.  The figure is not drawn to scale. 
 
High-resolution scanning electrochemical microscopy.  In the SECM experiments, a 
small metal electrode (tip) is scanned over the substrate surface to map its topography and 
reactivity.  Two complimentary modes of the SECM operations are employed in this study to 
directly image the catalytic activity for the OER over a semi-two-dimensional nickel oxide 
nanosheet.  In the feedback mode experiment (Fig. 5.1a), a nm-sized SECM probe was brought 
within a short distance from the NiO nanosheet immobilized on a flat highly oriented pyrolytic 
graphite (HOPG) surface. The electrolyte contained a redox mediator (ferrocenemethanol; Fc) and 
the tip potential (ET) was applied such that the mediator oxidation occurred at a rate governed by 
diffusion.  When the separation distance between the tip and substrate (d) is small enough (i.e. 
comparable to tip radius, a), the oxidized form of the mediator (Fc+) produced at the tip surface 
gets reduced at the substrate, and the tip current increases with decreasing d (positive feedback; 
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the tip current near the surface is higher than its value in the bulk solution; iT > iT,∞).  If no mediator 
regeneration occurs at the substrate or the regeneration rate is slow, iT decreases with decreasing d 
because of the hindered diffusion of Fc from the bulk solution (negative feedback; iT < iT,∞). The 
defect holes in the NiO nanosheets could then be imaged based on the different mediator 
regeneration rates at the NiO and the underlying HOPG surface.  
In substrate generation/tip collection mode (SG/TC mode; Fig. 5.1b), the tip collects the 
redox species generated at the substrate surface (e.g., O2 in Fig. 5.1b).  In our experiments, oxygen 
is produced at the catalytic NiO surface, but not at the inert HOPG. This, the higher tip current is 
expected above the NiO surface, and lower iT – over the defects, which is exactly opposite to the 
feedback mode situation.   
Figure 5.2a shows a feedback mode image obtained by scanning an 80-nm-radius Pt tip 
over a NiO nanosheet.  The size of the Pt tip is determined by both AFM and cyclic 
voltammograms. The slow reduction of Fc+ at the NiO semiconductor surface resulted in negative 
SECM feedback (iT,∞ = 23.7 pA).  Significantly higher iT can be seen over sub-micrometer-sized 
defect areas due to the rapid mediator regeneration at the exposed carbon surface.  By contrast, the 
rate of the oxygen evolution reaction (OER) at the NiO surface is expected to be higher than at the 
catalytically inert HOPG.  The SG/TC image of same substrate area (Fig. 5.2b) shows the higher 
O2 reduction current over the portion of the substrate covered with NiO and the lower iT over the 
defect holes exposing HOPG.  The obtained catalytic activity map (Fig. 5.2b) is in good qualitative 
agreement with the feedback mode image (Fig. 5.3a), though the apparent defect size in the SG/TC 
image is somewhat larger because of the diffusional broadening effect.25  (The non-zero tip current 
over the HOPG surface is due to oxygen produced by water oxidation at the NiO substrate and 




Figure 5.2. SECM imaging of NiO nanosheet with defect holes: (a) Feedback mode and (b) SG/TC mode 
SECM images of the same portion of the NiO nanosheet with defect holes exposing the underlying HOPG.  
Solution contained 0.001 M KOH with 0.001 M Fc, and 0.1 M KCl.  ET = (a) 0.5 and (b) -0.6 (V vs. 
Ag/AgCl).  The substrate was either at (a) the open circuit potential or (b) biased at ES = 0.9 V.  a = 80 nm; 
d ≈ 80 nm.  Pixel density: 100/µm (x axis) and 25/µm (y axis).   
 
 
More detailed images of the NiO/HOPG transition region were obtained by using a smaller 
Pt tip (a = 20 nm) to zoom in on the edge of a defect hole (Fig.5.3).  A 200 x 200 nm2 feedback 
mode image (Fig. 5.3a) shows a smooth, continuous transition from the higher current produced 
by the Fc regeneration at the carbon surface to lower current over NiO (negative feedback), 
occurring over ~50-70 nm tip displacement along the x-axis.  In the SG/TC image of the same 
substrate area (Fig. 5.3b), the transition between the higher O2 reduction current over NiO and 
lower iT over the HOPG surface occurs over approximately the same ~50-70 nm distance, as can 
be seen from the line scan extracted from that image (Fig. 5.3c).  However, unlike the smooth 
transition in Fig. 5.3a, this image contains a pronounced peak (at x ≈ 130 nm), suggesting a 
significantly higher catalytic activity of the NiO edge towards oxygen evolution. The 10-20% 
current increase over the nanosheet edge was reproducible in the images obtained with different 




Figure 5.3.  SECM imaging of an edge: (a) feedback mode and (b) SG/TC SECM images of the NiO edge.  
Pixel density: 330/µm (x axis) and 100/µm (y axis).  (c) A line profile across the SG/TC image in (b).  a ≈ 
20 nm.  For other parameters, see Figure 5.2. 
 
 
3D characterization of the edge structures. Using two modes of the SECM, we have 
independently mapped the topography and catalytic activity of a 2-D NiO nanosheet with a 
nanoscale resolution.  With the enhanced resolution and sensitivity, we were able to determine that 
the catalytic activity of a few nanometer wide area of NiO at the defect edge towards the OER is 
significantly higher than that of the NiO (111) basal surface.  To understand the edge-enhanced 
activity with mechanistic details, we need to retrieve information regarding the atomic structures 
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at these edges.  We used electron tomography to reconstruct the three-dimensional (3D) structures 
at the edges.  A tilt series of TEM images of the NiO nanosheets were recorded from -70 degrees 
to +70 degrees with one-degree tilt intervals and the tomograms were reconstructed with a 
multiplicative simultaneous iterative reconstruction technique26.  Figure 5.4 shows the 3D 
rendition of such a semi-two-dimensional (semi-2D) NiO with 3D complexities at the edges (also 
see supplementary movies 1-5).  The NiO nanosheets are flat slabs with hexagonal holes with 
obtuse-angle double-beveled edges.  With the help of aberration-corrected Z-contrast scanning 
transmission electron imaging (STEM), we are able to verify that the top and bottom basal planes 
are a pair of {111} surfaces and the projected norm of the defect hole edges points 20 toward the 
<112> direction (Figure 5.5c).  The reconstructions show that the edges are faceted. By measuring 
the angles between the facets and the basal planes, we determined that two terminating nano-facets 
are {111} and {100} surfaces (experimental reconstruction shown in Fig. 5.4b, and extracted 
atomic models shown in Fig. 5.4d).  Basically, the edges are terminated with three additional 
coordination exposures that the basal planes do not have— {100} facet, the intersecting edge 
between {111} basal plane and {111} nanofacet, and the intersecting edge between {100} and 




Figure 5.4. Three-dimensional (3D) structures of the edge. (a) Overview and (b) a close-up view of the 
NiO nanosheet reconstructed by electron tomography. (c) Atomic-resolution Z-constrast STEM imaging of 
the nanosheet when it is laid down flat. The image shows the flat basal plane of the nanosheet is a (111) 
surface and the edges points towards the <112> direction which is in agreement with the (001)/(-111) facet 
decomposition as shown in (b) and (c). (d) A computer-generated model of the nanosheet and the 3D 
atomistic model of the edges. Scale bars in (c) are 1 nm. 
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Figure 5.5. Ab initio calculation of the OER reaction kinetics. (a) The four types of atomic terminations 
calculated. (b-c) Standard free energy diagram for the OER at (b) equilibrium potential for oxygen evolution 
(U=1.23 V) and (c) the experimentally applied potential (U=1.57 V). (d) The activity volcano plot. The 
reference data points are adapted from ref. 27  
 
Ab initio calculations. Different from 2D materials, where the edge structure can be 
simply interpreted as lower coordinated sites, in the case of our NiO nanosheets, the edges consist 
of more than one component that could contribute to the edge-enhanced activity.  To unravel which 
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one(s) is responsible for the higher activity, we employed the density functional theory calculation 
using the generalized gradient approximation (GGA) at the PBE level with spin-orbital 
approximation.  In our calculations, we considered the (100), (111) plane, (111)/(111), (111)/(100) 
edge of NiO. A (2x2) coverage for surface and (2x1) for edge with a vacuum layer of 18 angstroms 
along the non-periodic direction was used to calculate the O*, HO* and HOO* adsorptions on the 
surfaces and the edge. 
Figures 5.5b and 5.5c plot the calculated the free energy for each step of the four-electron 
reaction pathway.  Figure 5.5b shows that among the four types of surfaces/edge terminations, the 
(100) surface has the lowest overpotential.  When a bias of 1.57 V is applied (the same potential 
was used in the SECM experiment), we find that the only on the (100) surface the reaction free 
energy continues in the downward direction, while reactions on the (111) surface, the (111)/(111) 
edge, and the (111)/(100) edge meet a significant upward barrier at the  O* to HOO*,  HO* to O* 
, and the HOO* to O2 steps respectively.  Figure 5.5d shows the OER volcano plot which places 
the NiO (100) surface on the top of the curve with the (111)/(111) and (111)/(100) edges following 
and (111) surface performing the poorest among the three.  Based on this analysis, we can 
conclude, with a high degree of confidence, that the (100) nanofacet at the edge is responsible for 
the catalytic boon seen in the SECM measurement.  
The OER overpotential at the NiO (111) surface significantly higher than that at the NiO 
edge predicted by the above calculations should lead to a large difference in their reactivities.  
However, only modest (10-20%) increase in the tip current over the NiO edge can be seen in Figs. 
5.3b.  These experimental and theoretical results were reconciled by finite-element simulations of 
the SG/TC SECM experiments. 
5.4 Conclusions 
Discovering and understanding active sites on the surface of a realistic/heterogeneous 
88  
electrocatalyst is essential for the design and synthesis of next-generation catalysts with optimized 
activity.  In this work, we show that by optimizing the electrodes and the imaging method it is 
possible for SECM to visualize the OER activity of a NiO catalyst with an unprecedented ~10 nm 
resolution and single-edge sensitivity.  This allowed us to directly locate the active sites at the NiO 
materials’ edges.  Using electron tomography, which resolves the 3D complexities of the edges, in 
conjunction with ab initio calculations, we found that the (100) nanofacet is responsible for this 
improved activity at the edge.  In addition to showing for the first time the possibility of probing 
electrochemical signals over individual material edges, this work demonstrated that combining 
ultra-high-resolution SECM, electron tomography, and ab initio calculation is a viable strategy for 
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Chapter 6. Tunneling Mode of Scanning Electrochemical 




Electrochemistry at metal nanoparticles (NPs) has been getting significant attention due to 
their rich size-dependent physicochemical properties1-6 and a wide range of technological and 
biomedical applications.7-12 The in-situ experiments at single NPs can provide detailed information 
on the structure-activity relationships not obscured by data averaging over a large population of 
particles. Optical techniques, such as surface plasmon resonance microscopy13,14 and single 
molecule fluorescence imaging,15 as well as scanning tunneling microscopy (STM)16,17 and atomic 
force microscopy18 have been used to visualize single metal NPs and investigate their catalytic 
activity.   
Electron transfer and catalytic processes occurring at a single NP can be probed 
electrochemically either by attaching it to the surface of a nanometer-sized electrode19-23 or by 
measuring the current responses produced by NP collisions with the electrode surface.24-25 Besides 
technical difficulties in characterizing the geometry of the nanoelectrode/NP system and 
interpreting the results of collision experiments, these techniques cannot probe the NP in its native 
environment (e.g., in a nanostructured film).  Scanning electrochemical microscopy (SECM) 26-29 
and related techniques using nanopipette tips, 30-31 by contrast, can investigate single NP 
electrochemistry in situ without the need to attach it to the tip surface.  By using nanometer-sized 
SECM tips, we recently imaged the topography and activity of 10-20 nm single spherical26 and 
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non-spherical32 NPs and accurately measured their radii.27 However, the ultimately attainable 
lateral resolution is limited by the tip size (which is very difficult to make smaller than ~5 nm 
radius) and diffusion broadening inherent to the feedback and especially generation/collection 
mode of the SECM operation. A higher spatial resolution (e.g., ~1 nm) is required for uncovering 
active sites within NPs and structurally complex electrocatalysts. 
Another fundamental limitation in ultra-high resolution SECM experiments at conductive 
surfaces is the onset of electron tunneling between the metal tip and the substrate.  The high current 
begins to flow when the tip is brought within the tunneling distance from the biased macroscopic 
substrate and obliterates the electrochemical signal at the tip.33This experiment is conceptually 
similar to STM in solution that has been extensively used in studies of electrochemical interfaces, 
but does not allow direct measurement of faradaic current at the tip or the substrate.   
In SECM experiments discussed in this chapter, no bias was applied between the tip and a 
metal NP immobilized on the insulating substrate surface (Figure 6.1).  When the tip is relatively 
far from the NP (e.g., > ~3-4 nm), the open-circuit NP potential (EP) is determined by the 
concentrations of the reduced form (e.g., ferrocenemethanol, Fc; initially present in solution) and 
oxidized (Fc+; electrogenerated at the tip) forms of the reversible redox mediator, according to the 
Nernst equation.  The EP value is sufficiently negative to regenerate Fc species, producing positive 
SECM feedback34-35 (Fig. 6.1A).   
The electron tunneling between the electrode and a NP can occur over the distance (d) of 
few nm,21,36,37 i.e. significantly longer than Å-scale distances over which efficient electron transfer 
can occur between redox molecules and electrodes.38  For NPs with the radius, rp = 10 – 50 nm 
employed in this study, the onset of tunneling is expected to occur at d 2-3 nm.37  When the tip 
is brought within this distance from the NP (Fig. 6.1B), the Ep shifts from its open-circuit value 
toward the tip potential (ET).  At such short distances, the NP is expected to act as a part of the tip 
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electrode, e.g., by oxidizing Fc in Fig. 6.1B. 
  
 
Figure 6.1. Schematic representation of the feedback mode of the SECM (A) and electron tunneling 
between the tip electrode and Au NP (B). 
 
6.2 Experimental Section 
Materials. Ferrocenemethanol (Fc; 99%, Sigma-Aldrich) was sublimed before use.  4-
Aminobenzylamine (99%), trimethoxysilane(95%), acetonitrile(99.8%) NaNO2 (99.99%), KCl 
(99%), HClO4 (70%) and NaClO4 (99%) were purchased from Sigma-Aldrich and used as 
received.  AuNPs (Ted Pella, Inc.) were either 20-nm diameter (as specified by the vendor, 7.0  
1011 particles/mL) or 100-nm diameter (5.6  109 particles/mL), stabilized with net negative 
surface charge by trace amounts of citrate.  All aqueous solutions were prepared using deionized 
water from the Milli-Q Advantage A10 system (Millipore) equipped with Q-Gard T2 Pak, a 
Quantum TEX cartridge and a VOC Pak with total organic carbon (TOC) ≤ 1 ppb.   
Electrodes and Electrochemical Experiments.  Polished disk nanoelectrodes were 
prepared by pulling 25-μm-diameter annealed Pt wires into borosilicate glass capillaries with a P-
2000 laser pipette puller (Sutter Instrument Co.) and polishing under video microscopic control. 
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The RG varied from 6 to 15.  The nanoelectrodes were characterized by voltammetry and AFM 
imaging.  Voltammograms were obtained with a BAS-100B electrochemical workstation 
(Bioanalytical Systems, West Lafayette, IN) inside a Faraday cage.  The two-electrode setup was 
used with a 0.25 mm diameter Ag wire coated with AgCl serving as a reference electrode. 
SECM setup.  SECM experiments were carried out using a home-built instrument.  To 
obtain an approach curve, the tip electrode was first positioned about 100 µm above the substrate 
surface.  To avoid tip crashing, this process was monitored with a long-distance video microscope.  
Then, the tip was moved closer to the substrate in the automated “surface hunter” mode until the 
tip current produced by oxidation of Fc either increased (positive feedback) or decreased (negative 
feedback) by ∼10%.  The tip current was collected during the subsequent fine approach or 
voltammetry.  The approach velocity was either 10nm/s (feedback-mode approach curves) or 2 
nm/s (tunneling-mode approach curves).  All experiments were carried out at room temperature 
(23 ± 2 °C) inside a Faraday cage.  To prevent hydrogen bubble formation either at the tip or 
substrate electrode, the acid concentration in HER experiments was always less than 40 mM.   
AFM Imaging.  An XE-120 scanning probe microscope (Park Systems) was employed for 
imaging the nanoelectrodes.  PPP-NCHR AFM probes (Nanosensors) were used for noncontact 
imaging.  
Preparation of Mercaptosilane-Stabilized Au NPs.  A surface layer of trimethoxysilane 
was formed in situ by saline chemistry. Briefly, after adding 1 µL trimethoxysilane to 40 mL 
acetonitrile, the glass substrate was immersed in solution for 10 min.  The coated glass substrate 
was then rinsed with acetonitrile to remove excessive trimethoxysilane.  The negatively charged 
citrate-stabilized gold particles were attached to the silane film by immersing the glass substrate 
in either 1 nM (20 nm NPs) or 0.1 nM (100 nm NPs) AuNP solution for 30 min. 
6.3 Results and Discussion 
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The transition from the SECM feedback response to the tip/NP tunneling at short d was 
simulated using a commercial finite-element package (COMSOL Multiphysics 5.2a).  The shape 
of the Ep vs. d curve depends on the ratio of the NP and tip radii (RP = rp/a), the standard rate 
constant of the mediator regeneration at the substrate (k0; mediator oxidation at the tip is diffusion 
limited), and the radius of the glass insulator at the tip, rg (rg = 10a in all our simulations and 
experiments).  Two representative Ep - d curves in Fig. 6.2A were computed for rapid (k0 = 10 
cm/s) and relatively slow (k0 = 0.01 cm/s) electron transfer at the NP.  At a large d (e.g., > ~10a), 
the Ep is determined by the bulk concentrations of redox species and, according to the Nernst 
equation, it is significantly more negative than the standard potential (E0) if the solution contains 
only the reduced form.  With decreasing d, Ep gradually shifts toward more positive values due to 
the oxidized form of redox mediator generated at the tip.  The Ep changes sharply over ~2 nm 
distance (tunneling region) and levels off at the ET value.   
 
 Figure 6.2. Numerical simulations of feedback and tunneling mode SECM responses.  The tip approaches 
a spherical NP lying on the insulating plane.  (A) Ep - d curves for k0, cm/s = 10 (black) and 0.01 (red).  (B) 
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2-D concentration distribution of the oxidized species at the tip and NP in the feedback (d = 15 nm; top) 
and tunneling (d = 1 nm; bottom) regimes.  iT - d curves show the transition from feedback (C) to tunneling 
(D) response for different k0 values. ET = E0 + 0.3 V.  rp = 50 nm, a =30 nm. 
 
When the mediator regeneration at the NP is diffusion controlled (Nernstian), the shape of 
the tip current vs. distance (iT - d) curve is determined by the RP parameter.  This result is very 
different from the Ep - d curves at the unbiased disk-shaped substrate, where the substrate radius 
must be as large as ~10a to produce positive feedback.35 The difference can be attributed to the 
spherical geometry of the NP whose upper half regenerates the mediator, while the opposite 
reaction (oxidation in Fig. 6.1A) occurs at the lower hemi-sphere.  This bipolar behavior35, 39 results 
in the zero total current at the unbiased NP.  The corresponding concentration distribution of the 
oxidized form of the mediator is shown in Fig. 6.2B (upper panel).  The effect of the RP on the iT 
- d curves in the bipolar regime is stronger than it is for an SECM tip approaching an externally 
biased NP.27 
A family of simulated iT - d curves (Fig. 6.2C; RP = 1.67) shows a gradual transition from 
the negative to positive feedback with increasing k0.  The distance of the closest approach in Fig. 
6.2C is ~3 nm.  The onset of electron tunneling occurs at shorter distances (Fig. 6.2D), and the NP 
begins to act as a part of the tip electrode, oxidizing the mediator (Figs. 6.1B and 6.2B, lower 
panel).  To our knowledge, no exact model is currently available for the electrode/NP tunneling in 
solution.  Our approximate treatment includes the tunneling resistance in series with the electron-
transfer resistance for the faradaic process at the NP surface.22, 40 The applied ET drops between 
the tip and the NP and also at the NP/solution interface, providing the driving force for interfacial 
electron transfer. As the tunneling resistance decreases with decreasing d, the Ep approaches the 
ET value, and the fraction of the potential dropping across the NP/solution interface increases.  The 
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iT also increases and eventually levels off at the value equal to the diffusion current of the redox 
species to the NP surface (Fig. 6.2D). 
An experimental current-distance curve (solid line in Figure 6.3A) was obtained with a Pt 
tip (a 42 nm) approaching an Au NP (rp = 50 nm) attached to the glass substrate in solution 
containing 1 mM Fc.  At d > ~3 nm, the experimental data fits the theory for diffusion-controlled 
positive SECM feedback (open circles in Fig. 6.3A).  The current in Fig. 6.3A increased sharply 
when the tip approached the NP to within ~3 nm distance.  The zoom in (the inset in Fig. 6.3A) 
shows an abrupt change in the slope of the iT vs. d curve corresponding to the onset of tunneling.  
The tunneling current vs. distance curve was fitted to the simulated data (open triangles), and the 
tunneling constant, β ≈ 1.0 Å-1 was extracted from the fit in agreement with the literature values.  
The tip current eventually levelled off at the value determined by the diffusion limiting current of 
Fc to the Au NP confined between the tip and the glass substrate (Fig. 6.2B, bottom panel) and 
then slightly decreased after the tip made hard contact with the NP and started to push it.   
The eight experimental points recorded over ~3 nm tip displacement in Fig. 6.3B (inset) 
represent a quantitative electrochemical experiment on the sub-nm spatial scale.  In conventional 
SECM experiments, a significant thickness of the insulating sheath (e.g., rg ≈ 10a) prevents the tip 
from approaching a planar substrate closer than to ~0.1a.  Since the top of the NP is significantly 
above the substrate plane, the Pt tip could approach it without its insulating sheath touching the 
underlying glass surface.  Two steady-state voltammograms of Fc in Fig. 6.3B were obtained at 
the tip far away from the NP (curve 1) and the same tip within the tunneling distance from Au NP 
(curve 2).  Because the oxidation of Fc at both the tip and the Au NP is diffusion controlled, the 
half-wave potential in curves 1 and 2 is essentially the same.  In contrast, the plateau current in the 





Figure6.3 (A) Current–distance curves obtained with a Pt tip approaching an Au NP immobilized on the 
glass surface and (B) voltammograms of Fc oxidation at the same tip.  (A) Experimental iT - d curve (solid 
line) is fitted to the theory for positive SECM feedback (open circles) and tip/NP tunneling (triangles).  The 
inset: a zoom in of the portion of same curve at short d.  (B) The Pt tip in the bulk solution (1) and within 
the tunneling distance from AuNP (2).  rp = 50 nm, a = 42 nm.  Solution contained 1 mM Fc and 0.1 M 
KCl.  ET = 400 mV.  
 
More striking differences between the SECM feedback and tunneling regimes can be seen 
when the regeneration of the redox mediator at the NP is kinetically slow.  In Figure 6.4A, protons 
were reduced at the Pt tip biased at -700 mV vs. Ag/AgCl, and the oxidation of the resulting 
hydrogen at the unbiased Au NP was too slow to produce positive feedback.  The decreasing iT 
with decreasing d fits the theory for pure negative feedback (open circles).  The sharp increase in 
the tip current is due to the onset of tunneling.  In this region Ep approaches the ET value, and the 
reduction of H+ occurs at the NP surface.  The iT levels off at the value determined by the rate of 
the hydrogen evolution reaction (HER) at the Au NP at the given ET.  Although the source of the 
faradaic current in Fig. 6.4 is different from that in Fig. 6.3 (i.e. HER vs. Fc oxidation), the onset 
of tunneling occurs at a similar d (~3 nm), and the tunneling current vs. distance curve fits the 
theory (open triangles) with the same tunneling constant value, β ≈ 1.0 Å-1. 
99  
At relatively long separation distances (close to the onset of tunneling), the high tunneling 
resistance controls the tip current that increases sharply with decreasing d.  By contrast, tunneling 
is not the rate limiting step at very short d, and the plateau current is determined by the rate of 
either diffusion of redox species (the inset in Fig.6.3) or the heterogenous reaction (Fig. 6.4B).  
The effective heterogeneous rate constant of the HER at the Au NP at 700 mV vs Ag/AgCl, k = 
3.4 cm/s, was extracted from Fig. 6.4B 
 
Figure 6.4. iT - d curves obtained with a Pt tip approaching an Au NP immobilized on the glass surface.  
(A) Experimental data (solid line) is fitted to the theory for SECM  
feedback (open circles) and tip/NP tunneling (open triangles).  (B) Zoom in of the portion of same curve at 
short separation distances.  rp = 50 nm, a = 42 nm.  Solution contained 5 mM HClO4 and 0.1 M KCl.  ET = 
−700 mV. 
 
Much smaller NPs (e.g., rp = 10 nm in Figure 5) can be probed by decreasing the tip size.  
The slow HER kinetics at the gold particle is evident from comparison of steady-state 
voltammograms obtained at the same 18-nm-radius Pt tip in the bulk solution (curve 1 in Figure 
6.5A) and within the tunneling distance from the 10-nm-radius Au NP (curve 2 in Fig. 6.5A).  The 
onset of current in curve 1 is ~0.5 V more positive than that in curve 2, due to the difference 
between HER overpotentials at Pt and Au.  It is interesting to notice that HER at the tip surface is 
almost completely suppressed, producing a barely visible reduction wave in curve 2. 
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Figure 6.5. Steady-state voltammograms obtained at the Pt tip and at an Au NP.  (A) Voltammograms of 
HER recorded at the same Pt tip in the bulk solution (1) and within the tunneling distance from the AuNP 
(2).  rp = 10 nm, a = 18 nm.  Solution contained 5 mM HClO4 and 0.1 M KCl.  (B) HER and Fc oxidation 
at the Au NP/Pt tip (rp = 10 nm, a = 14 nm).  The inset: Tafel plot for the HER.  Solution contained 1 mM 
FcMeOH, 5 mM HClO4 and 0.1 M KCl. 
The voltammetric waves of both Fc oxidation and HER at the same Au NP can be seen in 
Figure 6.5B at the corresponding positive and negative ET values.  The linear Tafel plot obtained 
from the HER wave (the inset) has a slope of ~100 mV per decade consistent with the value 
reported for the HER at a polycrystalline Au electrode.41 
 
6.4 Conclusion 
In conclusion, our SECM experiments at unbiased Au NPs showed the transition from 
bipolar feedback response to electron tunneling between the NP and the tip nanoelectrode.  This 
approach enables measurement of the current flowing at a single NP without attaching it to the 
electrode surface.  The values of the tunneling constant and the heterogeneous rate constant at the 
NP (e.g., that of HER) can be obtained by analysis of the distance dependence of the tip current.  
Recently,32 the SECM was used to image Pd nanocubes with extremely high lateral resolution (~1 
nm).  We hypothesized that the signal in those images was produced by electron tunneling between 
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the tip and the nanocube surface.  The results of the present study are consistent with this 
assumption, suggesting the possibility of ultra-high resolution SECM imaging in the tunneling 
mode.  In addition to NPs, this technique can be useful for probing two dimensional catalytic 
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